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A GENERALIZED STUDY OF THE BREEDING POTENTIAL
OF LARGE HEAVY WATER MODERATED POWER REACTORS
FUELED WITH THORIA AND URANIA
BY
M. C. Richardson, M. Benedict and E. A. Mason
I. ABSTRACT
This report presents a generalized study of the conversion ratio
obtainable in large D20 moderated power reactors fueled with ThO2 and
U02. From the results of this report, it is possible to estimate the
conversion ratios of other reactors having any combination of values of
seven principal design variables. The main objective of this work has
been to find the range of design variables for a large, thermal,
heterogeneous reactor in which breeding is possible.
The adjective "generalized" means that many design details, such
as fuel bundle design, have been disregarded so that the effect on the
conversion ratio of wide ranges of design variables with greater effect
on conversion ratio can be studied. The Th232-U233 system is studied
because U233 has the highest value of ) of any of the fissile nuclides
in the thermal neutron energy range. Moderation by D 0 is studied be-
cause of the low thermal absorption cross section of 2D 0. Large power
reactors of the size suggested by the work on the desalination of sea
water are studied.
The following reactor characteristics are fixed throughout this
study: core height/core radius of 1.845; radial and axial blankets of
two foot thickness; continuous steady state bidirectional fueling with
recycle in the core and without recycle in the blankets; reactor
lattice consisting of uniformly spaced zircaloy clad cylindrical rods
surrounded by D 20 moderator.
The seven variables whose effects on the conversion ratio are
studied are as follows:
Primary variables
Feed burnup, megawatt days/metric tonne of uranium plus thorium fed
Volume of moderator/volume of fuel
Fuel rod diameter
The effect on the conversion ratio of changing the primary variables
is determined by direct calculation.
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Secondary variables
Average specific tnermal power in the core, kw/kg fissile
Volume of zircaloy/volume of fuel
Fraction of core and blanket discharge lost in reprocessing
Total thermal power in the core
The values of volume of moderator/volume of fuel and fuel rod diameter
which give nearly the maximum conversion ratio for each feed burnup are
selecteu. Each of the secondary variables is then varied independently
of the others to determine its effects on the conversion ratio and tne
components of the conversion ratio. The behavior of the conversion ratio
and its components in these cases can then be used to estimate the changes
in the conversion ratio and its components with changing values of the
secondary variables starting with other values of the primary variables.
The neutron behavior model used is two-energy-group diffusion theory
in two dimensions of cylindrical coordinates and in two regions. This
model is similar to that used in other MIT fuel cycle studies.
Highest values of the conversion ratio were found at the lowest
burnup studied (10,000 mwd/t), the smallest rod diameter (0.1 inch), the
lowest average specific power (1000 kw/kg fissile), tne lowest zircaloy
to fissile absorption ratio (zero), the lowest reprocessing loss (zero)
and the largest power (8333 MW(th)). The conversion ratio had a maximum
value of about 1.13 at a moderator to fuel volume ratio of about 30.
Such a reactor would not be practical.
Detailed discussions are given of the way each variable affects the
neutron balance and the conversion ratio, and approximate procedures are
developed from which estimates can be made of tne conversion ratio for
other combinations of the seven principal design variables than those
for which calculations were made in this report.
One such estimate was made of the conversion ratio of a practical
reactor similar to the CANDU reactor with thorium fuel. This reactor nad
a burnup of 20,000 mwd/t, a moderator to fuel volume ratio of 20, a rod
diameter of 1 inch, an average specific power of 3000 kw/kg fissile, a
zircaloy to fissile absorption ratio of 0.05, and a reprocessing loss of
2% of the fuel discharged from the reactor. The conversion ratio was
estimated to be about 0.95. The conversion ratio does not vary appreciably
with total power, in the range 500 to 8333 MW(th), because of the blanket
2 feet thick assumed.
Another estimate of the conversion ratio was made for a second prac-
tical reactor with the seven design variables set at values found by Oak
Ridge National Laboratory to be near those leading to minimum power cost.
At a burnup of 28,800 Mwd/t, a moderator to fuel volume ratio of 16.6, a
rod diameter of 1 inch, an average specific power of 2700 kw/kg fissile,
a zircaloy to fissile absorption ratio of 0.07, a neutron leakage to
fissile absorption ratio of 0.025 and zero reprocessing loss, a conversion
ratio of 0.8476 was found by computer calculation. This may be compared
with Oak Ridge's value of 0.8255 for a similar reactor and with estimates
of 0.87-0.88 obtained by the approximate procedures developed in this
report.
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CHAPTER II
INTRODUCTION
A. Motivation
The interest in thermal reactors with high conversion ratios is well
established (C2, Dl, Rl). One type of thermal reactor whose technology
is well developed which has a good prospect of breeding is a heterogeneous
reactor moderated by heavy water and operating on the thorium-uranium 233
fuel cycle. The object of this report is to present calculations of the
conversion ratios obtainable in this type of reactor for a number of
combinations of seven principal design variables and to present means for
estimating conversion ratios for other combinations of these variables.
This study is a generalized one, in the sense that consideration of
many design details with only a minor effect on conversion ratio, such as
fuel bundle details, have been subordinated to variables with greater
effect. Some unrealistic values of these more important variables are
studied to determine just how high a conversion ratio can be obtained with
the reactor type under consideration. No consideration is given to cost
or feasibility of the reactor system.
The Th232-U233 system is studied because U233 has the highest value
of g , the number of fast neutrons produced per absorption is a fissile
nucleus, of any of the fissile nuclides in the thermal neutron energy
range. Moderation by D20 is studied because D20 has the smallest thermal
absorption cross section of the moderators normally considered. Large,
8333 thermal megawatt power reactors are studied because it was expected
that large reactors would have the highest conversion ratio and this size
has been suggested for the desalination of sea water (B3).
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B. Fixed reactor characteristics
The following reactor characteristics are fixed throughout this work:
1. The ratio core height/core radius is held constant at 1.845. This
corresponds to the minimum critical volume for a finite cylinder (G4).
The core volume is adjusted to give the desired total thermal power.
2. The reactor lattice consists of a cylindrical rod of mixed UO2 -Th02
fuel surrounded by a zircaloy sheath and D 20 moderator. The zircaloy
sheath represents the effect of the cladding and any other zircaloy
structural material that might be used in a practical reactor.
3. Radial and axial blankets of two foot thickness are used throughout
this study. The volume of moderator/volume of fuel in the blankets is
the same as in the core and the blanket feed is pure ThO2 . The blanket
discharge is irradiated to a given thermal flux time.
4. The fueling technique used in both the core and blanket is continuous
steady state bidirectional fuel movement. The fuel is moved axially in
opposite directions in adjacent channels at a velocity such that the reac-
tor is just critical without control poison. This procedure is similar
to the fueling technique used in the CANDU reactor (A2, 112, S3). The
fuel in the core travels at a radially uniform axial velocity and is
irradiated to a given average burnup. The steady state condition is that
in which the composition of the core feed does not change with time and
the composition of the core discharge does not change with time. If the
conversion ratio of the system is greater than 1.0, only that fraction of
the reprocessed core discharge necessary to maintain criticality is
recycled into the core feed.. If the conversion ratio is less than 1.0,
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the entire reprocessed core discharge is recycled into the feed and pure
U235 is added as makeup. The entire reprocessed discharge from the
blanket is recycled into the core feed at all times. The radial blanket
discharge is irradiated to a thermal flux time of 0.05 n/kb and the axial
blanket discharge is irradiated to a thermal flux time of 0.001 n/kb.
C. Variables
1. Primary variables
The effect on 'conversion ratio of a number of combinations of the
three following primary variables was first.calculated, with results
described in chapter V:
a. Feed burnup, megawatt days/metric tonne of uranium plus thorium fed.
b. Volume of moderator/volume of fuel
c. Fuel rod diameter
2. Secondary variables
The values of volume of moderator/volume of fuel and fuel rod diameter
which gave nearly the maximum conversion ratio for each feed burnup were
selected. Each of the following secondary variables was then varied
independently to determine its effect on the conversion ratio and the com-
ponents of the conversion ratio, with results described in chapter VI:
a. Average specific thermal power in the core, kw/kg fissile
b. Volume of zircaloy cladding and structural material/volume of fuel
c. Fraction of core and blanket discharge lost in reprocessing
d. Total thermal power in the core or geometric buckling
In chapter VII approximate procedures are described for using the
detailed calculations of the conversion ratio and its components in
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chapters V and VI to estimate the effect of changing several secondary
variables together or starting from values of the primary variables other
than those used in chapter VI. With these procedures, values of the con-
version ratio can be estimated for all possible combinations of the seven
primary and secondary variables, within the ranges studied.
D. Nuclear model
The neutron behavior model used in this work is two-energy-group
diffusion theory applied in the r-z directions of cylindrical coordinates
in a maximum of three regions. This nuclear model is basically the same
as that used in other MIT fuel cycle studies (M3). The basic computer
code used is due to Hofmann (112, S3) although extensive improvements have
been made in the course of this work.
E. Improvements over other MIT fuel cycle codes
The following improvements over other MIT fuel cycle codes have been
made in this work:
1. More recent thermal absorption and resonance absorption data are used
(G1, 2, 6G3).
2. The theory of equivalence between homogeneous and heterogeneous effec-
tive resonance integrals is used (D2).
3. More recent nonsaturating fission product data are used, and the vari-
ation of the microscopic absorption cross section of the nonsaturating
fission products with the Westcott r factor is considered (W1, W2).
4. Both axial and radial blankets are considered. The code is equipped
to also consider both axial and radial reflectors.
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5. The two-energy-group diffusion equations are solved directly for the
fluxes rather than by eliminating the fast flux between the two equations
and then solving the resulting equation for the thermal flux as was done
in previous MIT fuel cycle codes. This makes the calculational procedure
used here more stable than previous MIT fuel cycle codes, but slower.
6. Neutron balances are calculated for the reactors in their steady
state conditions.
CHAPTER III
SUMMARY OF PRINCIPAL RESULTS
A. Definitions of the conversion ratio
In this thesis, two conversion ratios are considered. These are
the internal conversion ratio and the conversion ratio with reprocessing
loss. The internal conversion ratio can be defined in three ways, all
of which are equivalent. Each definition is discussed in detail below.
(1) The first definition of the conversion ratio is given by equation
(3A1), with reference to figure 3.1A:
CRL = Total fissile atom source - (3A1)
Total fissile atom sink SR + B-O,
where
CRL = conversion ratio with reprocessing loss
QR source of fissile atoms in the reactor
SR a sink of fissile atoms in the reactor
OR = fissile atoms leaving the reactor
B = fraction of reactor discharge which is lost in
reprocessing and fabrication
and in figure 3.1A
IR = fissile atoms entering the reactor
The internal conversion ratio is obtained by deleting from equation (3A1)
the contribution to the total fissile atom sink of the reprocessing loss:
CR 0 = (3AZ)
5 R
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where
CRo a internal conversion ratio
The conversion ratio considered from the point of view described in this
paragraph is used in this work only in calculating the conversion ratio
with reprocessing loss with equation (3A1).
(2) The second definition of the internal conversion ratio is given by
equation (3A3):
CRo - [i + (PA PL) + (Dz) + (Z r) + 2(a233)]}
- [(P.233) (3A)
where
(F) a number of fast neutrons produced by fission per absorp-
tion (resonance plus thermal) in a fissile nucleus
(U233 plus U235).
(1) = absorption (resonance plus thermal) in a fissile nucleus
(U233 plus U235) required to maintain the chain reaction.
(PAPL) * Parasitic Absorptions Plus Leakage per fissile absorption.
The parasitic absorbers included in (PAPL) are U236,
Np237, Xe135, the "Sm" group and nonsaturating fission
products. The leakages are overall fast and thermal
leakages from the reactor.
(D20) = absorption in heavy water per fissile absorption.
(Zr) * absorption in zircaloy (or other structural materials)
per fissile absorption.
(Pa233) u absorption in Pa233 per fissile absorption.
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It is seen that the quantities in the second set of brackets, i.e.,
[(1) + -..- . . . ..- - , include the overall leakages and absorptions in all
nuclides in the reactor other than the fertile nuclides, Th232 and U234.
Therefore, when this quantity is subtracted from r , the total number of
fast neutrons per fissile absorption with which one has to work, the
result is the number of neutrons which are left to be absorbed by Th232
and U234. In other words this is the number of atoms of Pa233 and U235
formed per fissile absorption. Since each neutron absorbed in Pa233
results in an atom of Pa233 which is not allowed to decay to U233, the
quantity (Pa233) must be subtracted a second time, as is done in equation
(3A3). The result is the internal conversion ratio CRO or the number of
fissile atoms produced per absorption in a fissile atom. All of the
values of the internal conversion ratio presented in this work were cal-
culated with equation (3A3).
(3) The third definition of the internal conversion ratio is given by
equation (3A4):
CR o  [[(Th23.) + (u234  {(Pa.233)} (3A4)
where
(Th232) = absorption in Th232 per fissile absorption.
(U234) a absorption in U234 per fissile absorption.
The first quantity in braces, i.e., I(RTh?.324J7.34jl I gives directly
the number of absorptions in fertile material per fissile absorption or
the number of atoms of Pa233 and U235 which are formed per fissile absorp-
tion. The quantity (Pa233) must be subtracted, as is done in equation
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(3A4) 1 to account for Pa233 atoms which, due to neutron absorptions, do
not decay to U233. Once again, the result is the internal conversion
ratio CR or the number of fissile atoms produced per absorption in a
0
fissile atom.
In each of the three definitions of CR given above, it is seen
that all Pa233 atoms which do not absorb neutrons are assumed to decay to
U233 and are included in the production rate of fissile atoms. This con-
dition is approached if the discharged fuel undergoes a long cooling
period.
B. Primary Variables
1. Introduction
In section IIIB, the effects of the three primary variables on the
conversion ratio are summarized. The primary variables are feed burnup
(megawatt days/metric tonne of metal feed), volume of moderator/volume of
fuel and fuel rod diameter. Throughout section IIIB, the secondary vari-
ables are held constant at the following values:
Volume zircaloy/volume fuel 0
Average specific power in core 1000 kw/kg fissile
Total thermal power in core 8333 MW(th)
Reprocessing loss 0
(It should be noted that a fixed average specific power and a fixed total
thermal power dictate a fixed mass of fissile material in the reactor
cores, viz. 8333 kg in this case.) The values of the feed burnup studied
were 10,000, 20,000 and 30,000 mwd/t. The values of the volume of moder-
ator/volume of fuel studied covered the ranges in which were found the
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maximum conversion ratios for each fuel rod diameter at each feed burnup.
The fuel rod diameters were decreased from a value of two inches in the
anticipation that maximum conversion ratios would be found as a function
of this parameter for each feed burnup. However, the maximum conversion
ratio as a function of fuel rod diameter continued to increase as the rod
diameter decreased, without a maximum conversion ratio for each feed burn-
up being found, as will be discussed.
The feed burnup affects the conversion ratio primarily through
absorptions in nonsaturating fission products. The effect of the volume
of moderator/volume of fuel is primarily through spectrum effects and
moderator absorptions. By inspection of equation (3A3), it is therefore
seen that the direct effect on the conversion ratio of these two primary
variables is principally through their effect on r and absorptions in
nuclides other than the fertile nuclides.
As the fuel rod diameter is decreased, the effective resonance
integral of Th0 2 can increase on the order of 100%. This results in a
large increase in the absorption of resonance neutrons by Th232. By
inspection of equation (3A4), it is therefore seen that the direct effect
on the conversion ratio of the fuel rod diameter is principally through
its effect on the absorptions by a fertile nuclide itself, i.e., Th232.
All of the neutron balance results in the figures and tables of this
chapter are normalized to one absorption (thermal plus resonance) in a
fissile nuclide. As a result of this normalization, it is essential to
keep in mind the relative fractions of resonance and thermal reactions
when interpreting the results. The smaller the fuel rod diameter, the
larger will be the effective resonance integral of any fuel nuclide, pro-
vided that its concentration change with decreasing fuel rod diameter is
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small, as is usually the case. Therefore, the smaller the fuel rod diam-
etcr, the larger will be the fraction of resonance absorption in a fissile
nucleus per total absorption in a fissile nucleus. As a result, those
nuclides which are predominantly thermal absorbers, particularly the non-
saturating fission products, are less effective poisons in small diameter
rods with their increased fraction of resonance absorptions.
All of the conversion ratios presented in this work are calculated
by equation (3A3). The internal conversion ratio is usually referred to
in this work simply as the conversion ratio. The internal conversion
ratios for the 32 combinations of the three primary variables studied in
this work are listed in table 3.1.
2. Conversion ratio and its components for 20,000 mwd/t burnup
The conversion ratio and its components for a feed burnup of 20,000
mwd/t are shown in figure 3.1 as a function of volume of moderator/
volume of fuel with fuel rod diameter as a parameter. A value of the
conversion ratio is obtained by subtracting from a value of (j-l) the
sum of parasitic absorptions plus leakage, D2 0 absorption and 2 x Pa233
absorption, i.e., by use ,of equation (3A3).
The values of r , the number of fast neutrons produced by fission
per absorption in a fissile nucleus, for the fissile nuclides vary approx-
imately with neutron energy as follows:
Nuclide 2200 m/s Resonance Region
U233 2.29 2.14
U235 2.06 1.59
The value of (r-1) in figure 3.1 increases with increasing volume of
moderator/volume of fuel because the fraction of fissile absorptions
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which occur in the resonance region, where the values of r are lower,
is reduced. Also, as the conversion ratio increases with increasing
volume of moderator/volume of fuel, the mass in the reactor of U233,
with its higher values of n , increases and the mass of U235 decreases.
The D2 0 absorptions increase with increasing volume of moderator/
volume of fuel, of course, because of the added volume of D2 0. The
values are higher and have steeper slopes for the larger rods because the
greater depression of the thermal flux produces a higher relative thermal
flux in the moderator region of the unit cells with the larger rods.
The Pa233 absorptions decrease with increasing volume of moderator/
volume of fuel because of the decrease in resonance absorption by Pa233.
The curves of parasitic absorptions plus leakage do not vary
greatly with increasing volume of moderator/volume of fuel. The curves
for the smaller rods are lower primarily because of the decreased absorp-
tion in nonsaturating fission products. As mentioned previously, this
is due in part to the increased reliance on resonance reactions of the
smaller rods. In addition, the large increase in resonance absorption by
Th232 with decreasing fuel rod diameter mentioned previously causes a de-
crease with decreasing fuel rod diameter of the number of neutrons
slowed down to thermal energy per absorption in a fissile nucleus. This
latter result causes the absorption by nonsaturating fission products to
decrease with decreasing fuel rod diameter because the nonsaturating
fission products are principally absorbers of thermal neutrons.
The conversion ratio curves initially increase with increasing volume
of moderator/volume of fuel because of the increase in (r -1) and the
decrease in Pa233 resonance absorptions. Eventually, however, these lat-
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ter two items tend to levcl out while the D20 absorptions continue to
increase with increasing volume of moderator/volume of fuel. The con-
version ratio curves thus reach maximum values. The curves for the larger
rods reach peaks at lower values of volume of moderator/volume of fuel
and the peaks are more pronounced because of the steeper slopes of their
D2 0 absorption curves.
The effect on the conversion ratio of decreasing the fuel rod
diameter is interpreted with the use of equation (3A4). A decrease in
the fuel rod diameter causes an increase in the effective resonance
integral of Th02 of the order of 100%. This results in a large increase
in the absorption of resonance neutrons by Th232. Terefore, the direct
effect on the conversion ratio of decreasing the fuel rod diameter is to
increase the absorptions by the fertile material Th232, a quantity which
is included directly in equation (3A4). The indirect effect on the con-
version ratio of decreasing the fuel rod diameter is reflected in equation
(3A3) and, therefore, in figure 3.1. Because of the increased resonance
absorption in Th232 with decreased fuel rod diameter, the number of
neutrons slowed down to thermal energy per fissile absorption is reduced.
Tberefore, the number of thermal neutrons available for absorption in
nonsaturating fission products is reduced. This is shown in figure 3.1
by the decrease in parasitic absorptions plus leakage with decreasing
fuel rod diameter. The decrease in the number of neutrons slowed down to
thermal energy per fissile absorption also causes the D2 0 absorptions to
decrease with decreasing fuel rod diameter. The D2 0 absorptions also
decrease with decreasing fuel rod diameter because of the decreasing thermal
flux peak in the moderator of the unit cell.
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Two other notes on the effect of decreasing the fuel rod diameter
are as follows:
(1) The effective resonance integrals of the fuel nuclides other than
Th232 are large in any case because these nuclides are very dilute.
Therefore, decreasing the fuel rod diameter does not increase these
effective resonance integrals by large percentages, as compared to the
percentage increase in the effective resonance integral of Th232.
(2) Since a homogeneous system has higher Th232 effective resonance
integrals than a heterogeneous system, the maximum conversion ratio
which could appear in figure 3.1 would be for a homogeneous system.
3. Comparisons among burnups
In figure 3.2 are plotted the conversion ratios and absorptions by
nonsaturating fission products versus volume of moderator/volume of fuel
with feed burnup and fuel rod diameter as parameters. The conversion
ratio curves tend to be more sharply peaked and the peaks are located at
higher values of volume of moderator/volume of fuel for the'higher burnups,
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This is because the curves of (i-1) have steeper slopes for the higher
burnups. This latter effect is due to the higher concentrations of U235
in the reactors with the higher burnups and the resulting increased
effectiveness of increasing values of volume of moderator/volume of fuel
in increasing (i-l). From 50% to 90% of the difference in conversion
ratios for different burnups and a given volume of moderator/volume of
fuel and fuel rod diameter is due to the difference in absorptions by
nonsaturating fission products. The 50% figure applies at very low values
of volume of moderator/volume of fuel and the 90% figure applies at very
high values. Other causes for the difference are changes in (r -1) and
changes in absorptions by U236, Np237 and Pa233.
C. Secondary variables
1. Introduction
In Section IIIC the effects of the four secondary variables on the
conversion ratio at the three feed burnups are summarized. The secondary
variables are absorptions in zircaloy/absorption in a fissile nucleus
(determined by the variable, volume of zircaloy/volume of fuel), average
specific power in the core (kw/kg fissile), total thermal power in the
core and fraction of the reactor discharge lost in reprocessing. Through-
out section IIIC, the remaining two primary variables are held constant
at the following values:
Volume moderator/volume fuel 30
Fuel rod diameter 1/4 inch
This combination of volume of moderator/volume of fuel and fuel rod diam-
eter was selected because it gave very nearly the highest conversion
ratio for each feed burnup.
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The values of absorption in zircaloy/absorption in a fissile nucleus
ranged from zero to 0.11. This upper limit is a bit high for zircaloy
structural material but is a reasonable value for stainless steel. The
values of the average specific power range from 1000 kw/kg fissile to
12,000 kw/kg fissile. This lower limit approximates the average specific
power of today's H20 reactors while the upper limit is about 50% above
the values suggested by the Savannah River Laboratory for advanced D20
reactors (Bl, B2). The values of the total thermal power ranged from 8333
MW(th) to 500 MW(th). The values of the reprocessing loss ranged from
zero to 4% of the reactor fuel discharge.
The absorption in zircaloy/absorption in a fissile nucleus affects the
conversion ratio primarily by absorbing thermal neutrons which would
otherwise be absorbed in Th232. The average specific power in the core
affects the conversion ratio primarily through increased absorption of
resonance and thermal neutrons by nuclei of Pa233 which would otherwise
decay to U233. The primary effect of the change in total power is through
changes in the size of the core, which change the net leakages out of the
core and into the blanket. The increase in the reprocessing loss affects
the conversion ratio primarily by increasing the loss rate of fissile
nuclei.
When either the absorption in zircaloy/absorption in a fissile nucleus
or the average specific power in the core is increased, the increased
absorptions by zircaloy or Pa233 reduce the number of thermal neutrons
which are available for absorption by the fissile nuclides. In order to
maintain criticality, the number of resonance neutrons absorbed by the
fissile nuclides must increase. In other words, an increase in either of
these two secondary variables causes the neutron spectrum to become more
epithermal.
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The internal conversion ratios and conversion ratios with reprocess-
ing loss for the 32 combinations of the secondary variables studied in
this work are listed in table 3.2.
2. Absorption in zircaloy/absorption in a fissile nucleus
a. Conversion ratio and its components for 20,000 mwd/t burnup
The conversion ratio and its components are plotted in figure 3.3 as
a function of the absorption in zircaloy/absorption in a fissile nucleus
for a feed burnup of 20,000 mwd/t. The other secondary variables are
held constant at the following values:
Average specific power 1000 kw/kg fissile
Total thermal power 8333 MW(th)
Reprocessing loss 0
A value of the conversion ratio for a given abscissa is obtained by sub-
tracting from ( -1) the sum of D2 0 absorption, 2 x Pa233 absorption,
leakage and parasitic absorptions other than by zircaloy, and the abscissa
itself.
The conversion ratio has a value of 1.0 at a value of absorption in
zircaloy/absorption in a fissile nucleus of about 0.083. The conversion
ratio curve and the curves of its components have discontinuous slopes at
this point because when the conversion ratio falls below 1.4 fresh U235
is added to the reactor discharge fuel to make the new core feed. In
other words, a change in the fuel cycle flow sheet occurs at this point.
The curve of (1j -1) in figure 3.3 decreases with increasing absorption
in zircaloy/absorption in a fissile nucleus because as the conversion
ratio decreases, an increasing fraction of the core discharge is recycled
into the core feed and, therefore, the concentration in the core of U235,
with its lower value of q , increases. The curve of ( -1) decreases
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more rapidly as the conversion ratio falls below 1.0 because U235 is
added to the feed.
The shape of the curve of leakage and parasitic absorptions other
than by zircaloy in figure 3.3 is due primarily to the shapes of the
curves of absorptions by U236 and Np237. As the absorption in zircaloy/
absorption in a fissile nucleus increases toward 0.083, an increasing
fraction of the core discharge is recycled into the core feed. Therefore
the concentration of U236 in the core increases rapidly. When the absorp-
tion in zircaloy/absorption in a fissile nucleus increases above 0.083
and the conversion ratio drops below 1.0, 100% of the core discharge is
recycled into the feed. Further increases in the concentration of U236
in the core and, therefore, increases in absorptions in U236 are due pri-
marily to captures in U235 whose concentration increases rapidly as the
conversion ratio decreases below 1.0. Since Np237 is the product of
neutron absorption in U236, the shapes of its absorption curves are sim-
ilar to those of U236.
The curves of 2 x Pa233 absorption and D20 absorption in figure 3.3
decrease with increasing absorption in zircaloy/absorption in a fissile
nucleus. This is because the neutron spectrum becomes more epithermal
as zircaloy is added to the system.
b. Comparisons among burnups.
In figure 3.4 are plotted the conversion ratios and in figure 3.5 are
plotted (q -1) and the absorptions by nonsaturating fission products,
U236 and Np237, with absorption in zircaloy/absorption in a fissile
nucleus as abscissa and feed burnup as a parameter. The difference
between the conversion ratio curves for different burnups at a given
abscissa is due primarily to the differences in absorptions by nonsatu-
rating fission products, U236 and Np237.and ( -1) shown in figure 3.5.
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The curves of (-1) are lower for the higher burnups because of the
increased concentrations of U235 in the cores of these systems.
3. Average specific thermal power in the core
a. Conversion ratio and its components for 20,000 mwd/t burnup
The conversion ratio is plotted in figure 3.6 and its components are
plotted in figure 3.7 as functions of the average specific power in the
core for a feed burnup of 20,000 mwd/t. The other secondary variables
are held constant at the following values:
Absorption in zircaloy/absorption in a fissile nucleus 0
Total thermal power 8333 MW(th)
Reprocessing loss 0
The conversion ratio has a value of 1.0 at an average specific power
of about 6250 kw/kg fissile as shown in figure 3.6. As in the case of
the results for absorption in zircaloy/absorption in a fissile nucleus,
the conversion ratio curve and the curves of its components have discon-
tinuous slopes at the point where the conversion ratio equals 1.0 because
U235 makeup is started at this point.
The curve of (r -1) in figure 3.7 decreases rapidly with increasing
average specific power because of the rapid increase of U235 concentration
in the core.
The shape of the curve of parasitic absorptions plus leakage in figure
3.7 is determined primarily by the shapes of the U236 and Np237 absorption
curves. The D20 absorption curve decreases with increasing average spe-
cific power because of the increasing epithermal. character of the neutron
spectrum.
The curve of 2 x Pa233 absorption in figure 3.7 increases with
increasing average specific power for two reasons. The first is that as
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the fast and thermal fluxes increase, the Pa233 branching ratio shifts
from g decay to neutron absorption. The second reason is that the Pa233
concentration in the core increases with increasing average specific
power because of the increasing Th232 absorption rate. The second deriv-
ative of the curve of 2 x Pa233 absorption is negative because as the
specific power increases, the conversion ratio decreases and the core
becomes less dependent on U233 for power production and more dependent
of U235.
b. Comparisons among burnups
In figure 3.8 are plotted the conversion ratios and in figure 3.9 are
plotted (q-1), absorptions by nonsaturating fission products and 2 x Pa233
absorptions with average specific power as abscissa and feed burnup as a
parameter.
In order to understand the effect on the conversion ratio of increas-
ing the average specific power for different feed burnups, one compares
the characteristics of a core with a feed burnup of 10,000 mwd/t to the
characteristics of a core with a feed burnup of 20,000 mwd/t. For a burnup
of 10,000 mwd/t, the fuel travels through the core at a relatively high
axial velocity and depends to a large extent on the fissile material in
the feed to supply the fissile material throughout the core. (If the
axial velocity were infinite, then all of the fissile material in the core
would be supplied by the feed.) For a burnup of 20,000 mwd/t, the fuel
travels through the core at a relatively low axial velocity and depends
less on the feed to supply the fissile material in the core and depends
more on the fissile material produced in the core. Because of this, the
Pa233 concentration is higher in the core with the higher burnup. There-
fore, an increase in the average specific power is more effective in
42
decreasing the conversion ratio in a core with a high feed burnup and its
relatively high Pa233 concentration.
The effect just mentioned is shown in the plots of conversion ratio
for the three burnups in figure 3.8. The difference between any two
curves for a given specific power is due primarily to the differences in
the curves of (j -1), 2 x Pa233 absorption and absorptions by nonsaturating
fission products shown in figure 3.9. The curve of 2 x Pa233 absorption
for a burnup of 20,000 mwd/t has a larger value and its slope is greater
than for the curve for a burnup of 10,000 mwd/t because of the higher
Pa233 concentration in the core. The curve for a burnup of 30,000 mwd/t
falls slightly below the curve for 20,000 mwd/t because of the increased
competition for thermal neutrons in the 30,000 mwd/t core caused by the
higher concentration of nonsaturating fission products. However, the
concentration of Pa233 is higher in the 30,000 mwd/t core at all average
specific powers and if the specific power were increased to higher values,
the curve of 2 x Pa233 absorption for the 30,000 mwd/t core would rise
above the curve of 20,000 mwd/t.
The curves of (r[-l) in figure 3.9 are lower for the higher burnups
because of the increased concentration of U235 in the cores of these
systems.
4. Total thermal power or geometric buckling
The conversion ratio and its components are plotted in figure 3.10
as a function of B2 , the geometric buckling, for a feed burnup of 20,000
mwd/t. The corresponding thermal power in the core is also indicated on
the abscissa of figure 3.10. The geometric buckling is defined as follows:
2 4. 2. 404 8  (3 B)[(( Re.J
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where
H = physical height of core.
Rc = physical radius of core.
The conversion ratio is divided into the contribution from the core and
from the blanket, and these conversion ratios are extrapolated to zero
buckling or infinite core size. The other secondary variables are held
constant at the following values:
Absorption in zircaloy/absorption in a fissile nucleus 0
Average specific power 1000 kw/kg fissile
Reprocessing loss 0
As the core size is decreased from infinity, the conversion ratio,
core plus blanket, decreases because the overall fast and thermal leakages
.from the reactor increase. As the core size is decreased further, the
conversion ratio, core plus blanket, increases because of the decrease in
the calculated values of the overall fast leakage from the reactor in this
range of decreasing core size. It is not known if this decrease in over-
all fast leakage from the reactor is real or due to inaccuracies in the
approximation for VZ used in calculating the leakages. However, it is
evident that as long as there is a blanket two feet thick surrounding the
core to catch most of the neutrons leaking out of the core, a decrease
in the core size does not have a large effect on the conversion ratio,
core plus blanket, at least until thermal power drops below 500 MW.
5. Reprocessing loss
The results of this section- are plotted as a function of the fraction
of the core and blanket discharge which is lost in reprocessing. The
other secondary variables are held constant at the following values:
44
Absorption in zircaloy/absorption in a fissile nucleus 0
Average specific power 6000 kw/kg fissile
Total power 8333 MW(th)
The conversion ratio and its components are plotted in figure 3.11 as
a function of the reprocessing loss. Two conversion ratios are shown.
The internal conversion ratio is defined in section IIIA by equation
(3A3) and is calculated by considering in its definition only the con-
sumption rate of fissile material within the reactor. The conversion
ratio with reprocessing loss is calculated with equation (3A1) by includ-
ing the fissile material lost in reprocessing in the consumption rate of
fissile material. The internal conversion ratio is found for a given
abscissa by subtracting from (r)-1) the sum of D20 absorption, 2 x Pa233
absorption and parasitic absorptions plus leakage.
When the internal conversion ratio of a reactor is greater than 1.0,
the reprocessing loss can range from zero to a value for which the con-
version ratio with reprocessing loss equals 1.0 without affecting the
reactor neutron balance itself. This is because not all of the discharged
fuel is recycled back into the core feed when the internal conversion
ratio is greater than 1.0, and reprocessing loss merely reduces the net
amount of fissile material produced. When the conversion ratio with
reprocessing loss is less than 1.0, the entire neutron balance must be
recalculated because the feed composition is different for each value of
the reprocessing loss.
The curve of (j-1) in figure 3.11 decreases with increasing reproc-
essing loss because of the feeding into the core of fresh U235 with its
low value of f . The curve of parasitic absorptions plus leakage
decreases with increasing reprocessing loss because of the removal of
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U236 in the reprocessing loss stream. The curves of 2 x Pa233 absorption
and D2 0 absorption do not change significantly with increasing reproc-
essing loss. The internal conversion ratio curve first increases and
then decreases with increasing reprocessing loss because of the behavior
of the curves of (F -1) and parasitic absorptions plus leakage.
D. Application of results
1. Introduction
In order to expand the area of useful application of the results
obtained for the 56 different combinations of reactor variables which
were calculated in detail using the computer program, two methods of
estimating the conversion ratio expected for thorium fueled, heavy water
moderated reactors having other various combinations of values of the
seven primary and secondary variables were developed. These methods
each employ knowledge gained from the calculated cases concerning the
effects of each of the seven variables on the conversion ratio to
interpolate, and where necessary, to extrapolate, from the conditions
for which detailed calculations were made to any new set of values of
the variables. The two methods of estimating are referred to as the
More Refined Approximate (MRA) procedure and the Less Refined Approximate
(LRA) procedure to indicate the level of detail employed respectively in
the two estimating procedures. The MRA and LRA procedures are described
in detail in chapter VII and are illustrated there by some example
problems. One of the example problems uses the same values of the pri-
mary and secondary variables as were used in a study by the Oak Ridge
National Laboratory (R1). The results of the example problems are sum-
marized beginning on the next page.
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2. More Refined Approximate (MRA) procedure for estimating conversion
ratios
In section IIIC, we have summarized the effect on the conversion
ratio and its components of changing individual secondary variables with
the primary variables set at the values in the first column of numbers
below. In the present section IIID2, we summarize the results of an
example problem, given in detail in chapter VII, in which the More
Refined Approximate (MRA) procedure is used to estimate the effect on
the conversion ratio and its components of changing all four secondary
variables together, starting from values of the primary variables dif-
ferent from those employed in section IIIC. In the example problem sum-
marized here, the primary variables have the values listed in the' second
column of numbers below:
Values of primary variables
Section IIIC This section
Burnup, mwd/t 10,000, 20,000 or 30,000 20,000
Vol. moderator/vol. fuel 30 20
Fuel rod diameter, inch 1/4 1
In the example problem summarized here, the secondary variables are
changed from the values usedin section IIIB which are repeated in the
first column of numbers on the next page. These variables are changed
one at a time in the order given to the values listed in the second
column of numbers on the next page:
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Average specific power, kw/kg fissile
Absorption in zircaloy/absorption in a
Secondary variables changed
from to
section IIIB this section
1000 3000
fissile nucleus 0 0.05
Reprocessing loss 0 0.02
Total power, MW(th) 8333 Anything over
500 MW(th)
These values of the primary and secondary variables are approximately
those of the CANDU reactor, if fueled with ThO2 (A2).
The steps in working out the example problem are illustrated in
figure 3.12. In table 3.1 it is seen that the conversion ratio before
any secondary variables are changed is 1.079. The change in average
specific power from 1000 to 3000 kw/kg fissile is estimated to reduce
the conversion ratio to 1.038. Next, the change in absorption in
zircaloy/absorption in a fissile nucleus from 0 to 0.05 is estimated to
reduce the conversion ratio further to 0.965. Then, the change in re-
processing loss fraction from 0 to 0.02 is estimated to reduce the con-
version ratio further to 0.95. Change in total power from 8333 MW(th)
to anything over 500 MW(th) is estimated to have no appreciable effect
on conversion ratio. Therefore, the final estimated conversion ratio
is 0.95.
3. Comparison of results from the MRA and LRA procedures with a
conversion ratio calculated by the Oak Ridge National Laboratory
In a study of advanced converter reactors (Rl), the Oak Ridge National
Laboratory has calculated the conversion ratios for several designs of re-
actors fueled with thorium and U233 oxide and cooled and moderated by
heavy water. Table 3.3 lists the values of the primary and secondary
variables of one such reactor design, case G4, which are in the range
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which lead to minimum power cost. It was necessary to substitute an
assumed fuel rod equivalent diameter of one inch for the three concentric
tube fuel element design of Oak Ridge case G4. In chapter VII detailed
estimates are made of the conversion ratio of a reactor with the same
values of the primary and secondary variables as Oak Ridge case G4. The
More Refined Approximate (MRA) procedure mentioned above and the Less
Refined Approximate (LRA) procedure are used for the estimates. The
results are summarized below:
Oak Ridge More Refined Less Refined
calculation Approximate procedure Approximate procedure
0.8255 0.87 0.88
In addition the present computer code was used to calculate directly
the conversion ratio for this reactor, and a value of 0.8476 was obtained.
The agreement between the MIT and Oak Ridge computer calculations is as
good as might have been expected, in view of the uncertainty introduced
in using a solid rod one inch in diameter as equivalent to the three con-
rcentric tubes of the Oak Ridge design. The agreement among the MRA and
LRA procedures and the computer calculations is considered to be good
enough to confirm the utility of these approximate procedures in esti-
mating conversion ratios in heavy-water moderated thorium-fueled reactors
with combinations of the principal design variables different from those
studied in this report.
4. Extreme values of conversion ratio
The following table compares conversion ratios calculated in this
work for three cases of major interest. The first case gives the
maximum value of the conversion ratio found among all combinations of
design variables studied. It is an impractical case because absorptions
I
4 8a
in zircaloy have been taken as zero. The second case differs from the
first in having as much zircaloy as the CANDU reactor, and hence may
be considered to be practical. Addition of the zircaloy reduces con-
version ratio from 1.1297 to 1.0813.
The second case is far from one leading to minimum power cost,
however. The third case is in the range judged by the Oak Ridge
National Laboratory to lead to minimum power cost. It has higher
burnup, less moderator, larger fuel, more zircaloy and higher specific
power than the second case. All of these changes reduce conversion
ratio, from 1.0813 to 0.86b2.
Case 1 2 3
Burnup, Mwd/t 10,000 10,000 28,800
Vol. ratio, moderator/fuel 30 30 16.6
Fuel diameter, inches 1/4 1/4 1
Vol. ratio, zircaloy/fuel 0.0 0.5 0.7
Avg. specific power, kw/kg 1000 1000 2700
Conversion ratio 1.1297 1.J813 0.8662
Power, 8333 MW(th)
Blanket thickness, 2 ft
Reprocessing losses, 0.00
It may be concluded that a practical heavy water reactor can be
designed to breed on the ThO 2-U 02 cycle, but that the changes in design
conditions needed for minimum power cost reduce the conversion ratio to
such an extent that breeding is not economically attractive.
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Table 3.1: Effect of the Primary Variables on the Conversion Ratio
Values of the secondary variables
Volume zircaloy/volume fuel
Average specific power in the core
Total thermal power in the core
Reprocessing loss
-0
- 1000 kw/kg fissile
= 8333 MW(th)
30
Feed burnup,
mwd/t
10,000
10,000
10,000
20,000
20,000
20,000
20,000
30,000
30,000
30,000
Volume ratio,
moderator/fuel
10
20
30
20
30
40
30
40
so
10
20
30
10
20
30
40
30
40
50
30
40
50
60
10
20
30
20
30
40
30
40
so
Fuel rod
diameter, inches
2
2
2
1
1/
1/4
1/4
1/4
2
2
2
1
1
1
1
1/4
1/4
1/4
1/10
1/10
1/10
1/10
2
2
2
1
1
1I
1/4
1/4
1/4
Internal
conversion ratio
1.0871
1.1069
1.1027
1.1176
1.1213
1.1187
1.1297
1.1299
1.1273
1.0424
1.0682
1.0664
1.0467
1.0793
1.0850
1.0841
1.0947
1.0953
1.0935
1.0997
1.0999
1.0977
1.0942
0.9942
1.0331
1.0340
1.0457
1.0546
1.0545
1.0650
1.0670
1.0659
Table 3.2: Effect of the Secondary Variables on the Conversion Ratio
Volume of moderator/
Fuel rod diameter
volume of fuel = 30
= 1/4 inch
Feed burnup,
mwd/t
10,000
20,000
30,000
10,000
Absorption ratio,
zircaloy/fissile
0
0.047573
0.107829
0
0.046438
0.080404
0.088526
0.100535
0.112351
0
0.036581
0.053616
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
Average specific
power, kw/kg fissile
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
2000
7000
12000
1000
2000
5000
6000
7000
8000
10000
1000
2000
3000
1000
1000
1000
6000
6000
6000
Total power,
MW(th)
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
8333
1000
500
8333
8333
8333
Fractional
reprocessing loss
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.02 -
0.04
Conversion ratio with
reprocessing loss
Internal
conversion ratio
1.1297
1.0813
1.0132
1.0947
1.0467
1.0040
0.9916
0.9736
0.9552
1.0650
1.0248
0.9998
1.1297
1.1092
1.0542
1.0344
1.0947
1.0728
1.0185
1.0029
0.9895
0.9788
0.9612
1.0650
1.0407
1.0188
1.0947
1.0909
1.0923
1.0029
1.0035
1.0027
C."
0
1.0029
0.9865
0.9696
20,000
30,000
20,000
20,000
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Table 3.3: Primary and Secondary Variables for Oak Ridge Case G4
Primary variables
Feed burnup, mwd/t 28,800
Volume moderator/volume fuel 16.6
Assumed fuel rod equivalent diameter, inch 1
Secondary.variables
Average specific power in core, kw/kg fissile 2700
Zircaloy absorption ratio 0.07
Overall fast and thermal leakages from reactor
(Because of the absence of a blanket this replaces
total thermal power in the core or B as the related
secondary variable.) 0.025
Reprocessing loss 0.0
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CHAPTER IV
REACTOR PHYSICS MODELS AND CALCULATIONAL TECHNIQUES
A. Two group diffusion differential equations
The neutron behavior model used in this work is two-energy-group
diffusion theory applied in the r-z directions of cylindrical coordinates
in a maximum of three regions. The two energy groups considered are the
fast or epi-resonance group and the thermal group. The two steady state
diffusion equations are as follows:
Fast: +o V ~ Z. 01 (+A
Thermal: D Vb4) + 2 ),a-Z a =O (4 A2
where
D1 ,D w fast and thermal diffusion coefficients respectively,
averaged over the unit cell, cm
$, 4 = fast and thermal fluxes respectively volume averaged
over the unit cell, 1/cm2 sec
q = fast source in the unit cell, 1/sec cm3 of cell
E, = fast removal cross section averaged over the unit cell,
1/cm
p a resonance escape probability
Za.. = spectrum averaged thermal absorption cross section
averaged over the unit cell, 1/cm
Two groups were selected because this was the minimum number of energy
groups which would give a reasonable description of the neutron energy
behavior and was the maximum number of energy groups which would permit
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the consideration of the spatial variation of reactor properties in a
reasonable length of computer time.
The neutron cycle is shown in figure 4.1. Fast fission in Th232 is
not considered in this work because it adds at most a few tenths of a
percent to the fast source*and the fast fission constants for Th232 are
not well known. However fast fission is represented in figure 4.1 for
completeness. The resonance region (from fission energy to 0.414 ev)
is divided into three regions with one region occurring at about 5 ev,
another region above 5 ev and the third region below 5 ev. This is
because about 83% of the resonance absorption in U234 and about 72% of
the resonance absorption in U236 occur at about 5 ev with the resonance
absorption in the other nuclides more spread out above and below 5 ev.
As can be seen from figure 4.1, the fast source q is
where
0' 1~74 1<<1 q4
-Z3 Z; 3 + ID5 4
Substituting this value into equation (4Al), we then have for the two-
group diffusion equations:
Fast: Dy1 ) V;cL41 <- C~~-Y~Z3d )~ (4-A 4)
Thermal: DV'(y - , , - ( a 4# 0 (4 A 2)
*Hofmann (H2,S3) calculates a fast fission factor of 1.0023 for a 19 rod
bundle of 0.566 inch diameter rods. The fast fission factor would be
even nearer to unity in the single rods used in this study.
- (0-1)
Fast Fission' &nd Ca pture.
in Th232.
9,
Fast LeaKa. 3 e [
4%F [(p:K; 3 t IResonance A6bsorpfton in ThZ32,
Pa23A U233, U235, Np237
P ,
Resonance Absorptior in
U234 and U236, 5 ev
17 4
A.Fl p74 [.4- ) 6z
+ <I- b'>,, rl4~ Resonance Absor ption in
Pa233,U23 U235, Ny237
FI , F r.- 0. 414 ev.
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an d LeaYage
+V*iZ4
Figure 4.1: The Neutron
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Figure 4.1 (continued)
Nomenclature for figure 4.1
Fast energy group
q = source of fast neutrons in the unit cell, 1/sec cm3 of cell
E - fast fission factor of Th232
q,= number of fast neutrons produced per fast absorption in Th232
Pi = Nonleakage probability for fast neutrons =
IS M fast flux, 1/sec cm2
D, = fast diffusion coefficient averaged over the unit cell, cm
Resonance region
pi a resonance escape probabilities with the following subscripts:
1 = Th232
2 = Pa233 above 5 ev
3 = U233 above 5 ev
4 a U235 above S ev
5 a Np237 above 5 ev
6 = U234
7 n U236
8 a Pa233 below 5 ev
9 a U233 below 5 ev
10 a U235 below 5 ev
11 = Np237 below 5 ev
(0'; resonance absorption probability, with the same subscripts as
for pi.
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Figure 4.1 (continued)
* number of fast neutrons produced per resonance absorption with
the following subscripts
1 = U233 above 5 ev
2 = U233 below 5 ev
3 = U235 above 5 ev
4 z U235 below S ev
P17 ' P1p2P3p4P5
P174 P17P6P7
PTOT = P1 7 4P8P9P1OP1 1 = p of equation (4A2)
Thermal energy group
4>5= thermal flux volume averaged over the unit cell, 1/sec cm2
D = thermal diffusion coefficient averaged over the unit cell, cm
Efa3= macroscopic spectrum averaged thermal fission cross section of
U233 averaged over the unit cell, 1/cm
= macroscopic spectrum averaged thermal fission cross section of
U235 averaged over the unit cell, 1/cm
E a = total macroscopic spectrum averaged thermal absorption cross
section averaged over the unit cell, 1/cm
-)3 a number of fast neutrons produced per thermal fission in U233
-D5 = number of fast neutrons produced per thermal fission in U235
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The primary labor of any fuel cycle calculation is to solve simulta-
neously at each mesh point in the reactor the equations representing the
neutron behavior, in this case equations (4A4) and (4A2). The problems
involved in solving these equations can be divided into three broad areas
as follows:
(1) Spatial approximations
(2) Nuclear properties
(3) Mathematical techniques
B. Spatial approximations
The two-group equations (4A4) and (4A2) can be represented as follows:
-( = -5 ((4 B 1)
where
Table 4.1: Fast and Thermal Neutron Fluxes, Sources and Sinks
Flux Source(Q) Sink(S)
Fast: F_ Z> :
Thermal: (D (a
D -D
The usual method of numerically solving equation (4B1) is to make
one volume integration and then use the divergence theorem to change the
volume integral of the V-term into a surface integral, leaving it as a
7 -term. The fluxes ultimately calculated are those at the corners of
the finite volume elements and this procedure automatically takes care of
the interface boundary conditions of continuous neutron fluxes and neutron
currents. The V -term equation is then approximated by a finite differ-
ence equation and, after the source and sink terms have been supplied,
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is solved by standard procedures.
However, in this work, the finite difference approximation is made
directly on the equation in 7 , i.e. equation (4B1). The fluxes cal-
culated are those at the centers of the finite volume elements and no
attempt is made to equalize either interface fluxes or interface currents.
Figure 4.2 shows the mesh arrangement in a reactor quadrant with axial
and radial blankets and reflectors and defines the terms in the upcoming
equations. The radial mesh spacings in the core are all equal, the radial
mesh spacings in the radial blanket are all equal and the radial mesh
spacings in the radial reflector are all equal. The same holds true for
the axial mesh spacings. The fuel properties at the center of each finite
volume element are said to equal the fuel properties throughout that
entire volume element.
The finite difference approximation for V in cylindrical coordinates
with no azimuthal dependence with unequal radial and axial mesh spacings
is:
I ( (4B2+
(4B 2)
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The following purely geometric quantities are defined:
CIS? ; =
C153; =
-z
Si 'S.,
-2
Si +3;,
U ;.*
La3+ (..'3-)
ZR;- Si]
I -
ZR.-S J
[h +b -,) { }h + ( 3.+h,>
C054 = -2.
[h j+h i. { ih i +, tL ( h .,+i b->)
2
+ -;~ (3 .+ + S i + -. ,
4.
.. ____ F3., - 3-
R.-7 5 L ( * + ( S;.- S
-C,; - Cog
i->)
I
hst hi-i
(4 B7)
(483)
(4 B4)
(4 B 5)
(4 B 6)
C 15I , -
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where
C7,; = C) ,
C ,,; = R-is; [I ( I
'~ ~ 1 13 i( i2 ;+. Se S-)
0.5
R. 9-
i = IR F
S R = radial extrapolation length
= 0, 2j i JLR-I
)
E~8)
CH + h hjia he +tiahlat+ hi--l)ng
SH= axial extrapolation length
represent the boundary conditions of flux symmetry across the reactor
axis and midplane and zero fluxes at the extrapolated boundaries.
The differential equation (41) can now be written in finite differ-
ence form as follows:
i * IRR
8 jJ
0 8j 3
I
hj-L hj + 4-hj-,Z W
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4 (b,, j.. C 154 j+,- [C 15 ]
)5 (4 B 9)
C. Nuclear properties
As seen from table 4.1, the nuclear constants which are required are
as follows:
Thermal region
Resonance region
Fast region
All regions
Fuel nuclide concentrations
e (=I)
(b 11 [C 151 ;,) i + $;.,,; [C 152.;) +- C ;., j C 153;j
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1. Thermal region (0-0.414 ev)
a. Thermal diffusion coefficient, D
The thermal diffusion coefficient for the unit cell is calculated
from the following equation:
3 It
3 Vo NTbQZ Ot rTh 01 + Z 'l vZ Nz , jbr 4-', 
-N cr
(4-C 1)
where
rtr= macroscopic thermal transport cross section of the unit
cell, 1/cm
microscopic thermal transport cross section
concentration of species i in its own region
volume fraction of a particular region in the unit cell
(figure 4.3).
The thermal disadvantage factors to 1 z,, are defined as follows:
* Average thermal flux in the fuel rod
Average thermal flux in the unit cell
S'V0 + Vz. + V,
N6o VO+ 4- . V7. *- V,
(4C I a.
0-, r
N;
Qi
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Thermal flux at the surface of the fuel rod
Average thermal flux in the unit cell
$0\o3 Z~ Vo\z\/ 1 .% -\
4- 4 z/i~ ~a~t(4Cla.')
/, ~Average thermal flux in the moderator region
Average thermal flux in the unit cell
aV 0 + *z V,
4 * Vo 4~,V
It is assumed that the cladding causes a negligible depression of the
thermal flux and therefore the thermal flux in the cladding is assumed
to be that at the surface of the fuel rod.
Simple diffusion theory is used to derive the expressions for the
thermal disadvantage factors.
Fuel Zircaloy Mode.rator
C I add a"3
Figure 4.3: Unit Cell Parameters
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The thermal utilization f is defined as follows:
o\/V. - 4 V.
4- 7:~ VI
tr 4).1 M~ V Z
4 Za.,zr W- F
Z ao V0
where
05z.F = - (4C3)
Zao=a macroscopic 2200 m/s cross section of fuel region, 1/cm.
Zat = macroscopic 2200 m/s cross section of moderator region,
1/cm.
Ea,zr macroscopic 2200 m/s cross section of zircaloy, 1/cm.
4'5 and V's are defined in figure 4.3.
Also from diffusion theory we have (K2)
(4c4)'_ = I+ Zai V F - (E -Z & -Iz W
ZL 4 VO Jao v.
where (E-1) is a fraction of the fuel absorptions and represents the
extra absorptions in the moderator region due to the rise of the moderaor
flux above the flux at the surface of the rod. By comparing equations
(4 C 2>
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(4C2) and (4C4), it is seen that
. F + (E -I') aoVo
Zal V.
By definition
* vo + C z. V * , V.
V. + Vz -
or
(4C7)
Vt'
VC4 1I
~- __ V,
VWell
4- _ _-
&cell
, z 4.
cfell
4"ell
+ F+ (E-A za J v.v,La -t V1
cde
$0
'cell
ctceil
F -.
is determined from equation (4C5)
4,
cell
(4C5
(4-. 6)
Finally
Vz
We.Fl1
+ F- Vz
(4C 8
(4C ')
40
I
I
where e
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Approximate expressions for F and (E-1) are as follows (Al,Kl):
where
KO A inverse thermal diffusion lengths of the fuel and
moderator regions respectively, 1/cm.
r's are defined in figure 4.3.
b. Thermal cross sections, F., 4F.
(I) Non-fuel
The hardened macroscopic thermal absorption cross sections for D20
and zircaloy cladding are calculated as follows:
Z-)Dz0 Nb)ZO L~,-2o)Dp 0 -&.,Th (40 r3')
crc) Z200) Th
where a is the absorption cross section for thorium averaged over
the Wilkins spectrum. The thorium thermal absorption cross section is
assumed to be a 1/v cross section only for the purpose of hardening the
D20 and zircaloy cross sections.
The resonance absorption in zircaloy is considered as a modification
to its thermal absorption cross section. The resonance absorption prob-
ability is
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-Nz,-- Ir 9,Z< -'; z , e x E 
--
nn u c /
Nzr IO*, /z (4 C15)
9 Z.s~nOntUal (9z +9'))
where
I'r - infinitely dilute resonance integral of zirconium
rsO NVV)zX, +- (9 (4 N. ~16)
Then
Z + , p I Z(4 C 16~
(II) Nonsaturating fission products
The nonsaturating fission products are defined as those whose micro-
scopic thermal absorption cross sections are less than 10,000 barns.
However, when the daughter of an irradiated nonsaturating fission product
has a microscopic thermal cross section greater than 10,000 barns, that
daughter remains with the nonsaturating fission products.
e Flux Time.
Figure'4.4: Nonsaturating Fission Products
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Referring to figure 4.4, consider a group of nonsaturating fission
products dNFP(e') produced at flux time a' . The effective 2200 m/s
macroscopic cross section dZ.FP of the fission products dNFP(C') at
flux time e , after they have been irradiated for a flux time (e-e') is
di FP (e) F7p ) NFP(e') (4- C17)
Integrating
( = AF (eo -eo") d NFP(O
where 6, refers to the 2200 m/s flux time. Then, from Westcott (W6)
. FP (e= = F (e9) _p_ (4C 19)
1-1.01 r
where
To 293 *K
T a moderator and neutron temperature, *K
r = Westcott r factor
Walker (W1,W2) has tabulated ,A (Gfor the nonsaturating fission prod-
ucts of the fissile nuclides as a function of the Westcott R(ur factor.
The variation of 4G.Nwith R is due to the resonance absorption in the
nonsaturating fission products. The derivation of the Westcott r factor
(4C 18)
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is given in appendix A and the approximate evaluation of the integral
(4C18) is given in section IVD.
(III) Saturating fission products
The saturating fission products are Xe135 and the "Sm" group, whose
microscopic cross sections are greater than 10,000 barns. By definition,
their production rate equals their destruction rate throughout the reactor.
The "Sm" group includes RhlO5, Cdll3, Sml49, Sm151, Eul55 and Gdl57.
The microscopic absorption cross sections of Xe and the"Sm" group
are calculated as described in the next section for the fuel nuclides,
although it is not necessary that a value for the "Sm" group be calculated
at all. For Xe135, however, it is necessary that a value of the micro-
scopic absorption cross section be calculated because its absorption rate
has to be compared with its radioactive decay rate.
(IV) Other fuel nuclides
The nuclides whose microscopic absorption cross section remain to be
calculated are Th232(abs), Pa233(abs), U233(abs and fiss), U234(abs),
U235(abs and fiss), U236(abs) and Np237(abs). These cross sections must
be averaged over the prevailing neutron energy spectrum in the thermal
region which extends from 0 to 0.414 ev.
It is assumed that the neutron energy spectrum in the thermal region
is that obtained from the solution of the Wilkins equation. Shanstrom
(Sl ) discusses this assumption as well as the thermal cutoff energy of
about 0.414 ev. The Wilkins equation is
x Yz  4. (Z. X3 -3x) + (axa -4xaA -- 5)Y = 0
dxz dx
(4 C2 0)
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where
x - E the normalized velocity at energy E
KT,,. = neutron energy at moderator temperature T mod* The
neutron temperature and moderator temperature are
assumed to be equal.
Y 8 d the flux per unit velocity
dx
A(x) =.(xI the hardening parameter at normalized velocity x
SZG
All nucldQS
in unit call
Y:Z N; 0(x) LP (4C Z1)
Un~t callI
a the total homogonized macroscopic cross section of the
unit cell evaluated at the normalized velocity x
S.s slowing down power of the unit cell
The solution of the Wilkins equation and the properties of the resulting
spectrum are given by Shanstrom (Sl).
After the Wilkins equation has been solved for Y = d. , the hardened
microscopic cross sections of the fuel nuclides mentioned above are then
calculated by the following equation:
o-414 ev
d..__ at(x) d x
~M d x
0.414 ev
dx
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Values of the cross sections (x) for the fuel nuclides for use in equa-
tions (4C21) and (4C22) were obtained from the Oak Ridge National Labo-
ratory (Gl,G2,G3) and are the same as were used in ORNL-3686.
Since the values of G; do not vary greatly from point to point in
the reactor, they are calculated explicitly at only three mesh points in
each of the core, radial blanket and axial blanket, i.e. at the numbered
locations in figure 4.5. Linear interpolation is then used to obtain
the values of F; at other mesh points in each of these three regions.
c. Fast neutrons produced per thermal fission, 
The values of 2 for U233 and U235 were also obtained from ORNL(Gl).
The value for U233 is 2.503 and the value for U235 is 2.430.
2. Resonance region
a. Resonance escape probability, p
The resonance escape probability for each fuel nuclide is calculated
by the equation
zs,norfuel (
where
If effective resonance absorption integral of nuclide, i.
The values of I ff for the dilute fuel nuclides Pa233, U233, U234, U235,
U236 and Np237 and the concentrated fuel nuclide Th02 are calculated as
described below.
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(I) Dilute effective absorption resonance integrals,
eff, dilute
(A) Derivation of second equivalence theorem
The heterogeneous effective resonance integrals of the dilute fuel
nuclides are calculated by means of the second equivalence theorem as
described by Dresner (D2).* This theorem states that the effective
resonance integral of an absorber in a lump of fuel is the same as that
for a homogeneous mixture of moderator and the same absorber in which
the moderator potential scattering cross section per absorber nucleus
(d-M ) of the homogeneous mixture equals [crr + of the lump
2f [gg, where a-, is the potential scattering cross section of any
diluent of low atomic weight (oxide, carbide) in the lump per absorber
nucleus, N is the concentration in the fuel of the absorber of interest
and 1 is the average chord length in the lump. Dresner's derivation was
for the case in which the absorber of interest was the only absorber of
high atomic weight in the lump. The derivation given below considers the
effect on the effective resonance integral of the absorber of interest
of the other heavy absorbers in the lump. The derivation of the effective
resonance integral given below is for a single resonance in the absorber
of interest. The effective resonance integral of the absorber of interest
over the entire resonance region is obtained by summing the effective
resonance integrals of all of the resonances of the absorber of interest.
The assumptions made in the derivation are:
1. Each resonance is very wide compared to the energy loss per collision
*The equivalence theorem is also discussed in the following references,
among others: Cl,G7,G8,Ll,L2,M4.
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with a heavy absorber nucleus (Narrow Resonance Infinite Absorber or
NRIA approximation). This means that scattering by the heavy absorbers
produces a change in direction but not in energy.
2. Each resonance is very narrow compared to the energy loss per colli-
sion with the surrounding moderator or a lump diluent of low atomic
weight (e.g. oxygen). Thus for the purpose of the calculation of reso-
nance absorption, the potential scattering cross section of the lump
diluent can be treated as an absorption cross section.
3. Because of 1 and 2, monoenergetic transport theory is applicable in
the lump with scattering by the heavy absorber nuclei treated as scatter-
, and all other processes treated as absorption.
4. The resonance flux per unit lethargy 4 (u) is constant throughout
the lump and moderator both spatially (flat flux) and lethargywise (I/E
flux).
5. Wigner's rational approximation for the escape probability from a
lump holds.
6. There is no interaction among lumps (no Dancoff effect, H3).
Referring to figure 4.6, consider first those neutrons which appear
in the lethargy interval du around the resonance lethargy u in the lump
and whose last moderating collision was with a lump diluent nucleus.
The source of these neutrons in du is independent of whether or not there
is a resonance in du. If there were no resonance in du, the source would
equal the sink which would equal 7- 4 (U)
FUE L
a,.z
(P) V
Absorber
4.6: Fuel Lutr
0 eriv.tion
&m~A tMocertor
of~ t)e 5econd
+or the-
E q,u iVi Ierice
Theorem of Resom~.rc~e A\b5or~ton
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where
* the potential scattering cross section of the lump diluent
4 *( flux per unit lethargy
The number of these source neutrons in du which have their next col-
lision in the lump is
S44 6 - P) V (4 C Z4)
where
P a escape probability from a spatially uniform source in the lump
V a lump volume
The number of these source neutrons in du which are absorbed by the
absorber of interest is
where
Za = macroscopic absorption cross section of all heavy absorbers
in the lump other than the absorber of interest
E3u macroscopic absorption cross section of the absorber of
interest in the lump
Consider now those neutrons which appear in du around u whose last
moderating collision was with a moderator nucleus outside of the lump.
According to monoenergetic transport theory (D2), the flux of neutrons
in the lump which made their last collision in the moderator is
S(Q) P (4 cE6? )
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The number of these neutrons which are absorbed by the absorber of
interest is
a. P V 4Cv
The resonance integral is defined as that cross section which, when
multiplied by the flux which would exist in the absence of the resonance,
gives the true absorption rate. The effective resonance integral Iu for
the resonance in du around u is thus given by
NIuVo~w Ju. [ a. - 6)( )V+E.(4
0"
(4cze)
or
IL = JdL 0 P) + Oa P] (4 C2)
where
a- a microscopic absorption cross section of the absorber of interest
Cy- = macroscopic absorption cross section of the other heavy absorbers
in the lump per atom of the absorber of interest
q-n - macroscopic potential scattering cross section of the lump
diluent per atom of the absorber of interest
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Wigner's rational approximation gives for the escape probability from
the lump
b-1 (4C30)
d- . a
where
1
N I dIrr
where
N = concentration of the absorber of interest
i a average chord length in the lump = 4V for a cylindrical rod.
T
Substitution of equation (4C30) into equation (4C29) gives the final
result:
0D
AC 3 2)
L N (b a.
The first term in brackets in the integrand of equation (4C32) is
the integrand of the homogeneous resonance integral in the NRIA approxi-
mation with b = ' - ... 1 substituted for
N r'|
6"M] * This is the basis for the second equivalence theorem,
as previously stated. The second term in brackets in equation (4C32)
corrects for the effect of the other heavy nuclides on the effective
resonance integral of the absorber of interest.
An equation similar to equation (4C32) could be derived for the case
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in which each resonance of the absorber of interest is very narrow com-
pared to the energy loss per collision with an absorber nucleus (Narrow
Resonance or NR approximation). However, when there are heavy absorbers
in the lump other than the absorber of interest, as is the case in this
work, the parameter for equivalence between the homogeneous and hetero-
geneous effective resonance integrals is not the same for the NR and NRIA
approximations. By comparing the energy loss per collision with an
absorber nucleus with the practical width (N2,W4,W5) of each resonance
of each of the six dilute fuel nuclides, it was found that the following
percentages of resonance absorptions took place in resonances in which
the NR approximation held:
Pa233 0
U233 0
U234 3.2%
U235 1.7%
U236 2.6%
Np237 0
In addition, the equation for the calculation of the contribution of the
1/v portion of the resonance region to the effective resonance integral
is identical to the equation for the NRIA approximation (Kl). Therefore
the NRIA approximation was used throughout the resonance region for each
of the six dilute fuel nuclides.
Equation (4C32) applies to a single resonance in the absorber of
interest. The effective resonance absorption.integral of the absorber
of interest, I, over the entire resonance-region is obtained by summing
the effective resonance absorption integrals of all of the resonances of
the absorber of interest as in equation (4C32a):
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TL
0.414 44
101v
04 14e F I &+-( rm] 4
L 0ii 6dm _a
Since almost all of the contribution to the effective resonance integral
of a single resonance comes from the immediate vicinity of the resonance,
du can be replaced by ALL and the integration sign in equation (4C32a)
deleted:
IOff ? V T& (ba F (4c3)
04Le N (b~r,) +
In this work, the effect of the other heavy absorbers in the lump
on the effective resonance integral of the absorber of interest is neg-
lected. That is, the second equivalence theorem is applied to each dilute
absorber as if that absorber were the only one in the lump.. This pro-
cedure is justified by the following considerations:
1. For a 16x15 mesh, which is used in most of this work, it is necessary
that 8,640 effective resonance integrals be calculated for the dilute
nuclides for each sweep through the reactor during a burnup calculation.
By neglecting the effect of the other heavy absorbers, these effective
resonance integrals can be calculated independently as a function of
RM 60"Ieneou.s * These results can then be fitted by polynomials
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which can be used during a burnup calculation for the rapid determination
of the 8,640 effective resonance integrals as a function of
[Tr" +- eN T JHet ero P eneous
If equation (4C32b) were to be used directly for the determination
of these 8,640 effective resonance integrals in a burnup calculation, an
enormous amount of computer time would be required. About 30 minutes of
IBM 7094 computer time are required for each case when the effect of the
other heavy nuclides is neglected. The direct use of equation (4C32b)
would probably double that computer time requirement.
2. With the nuclide concentrations encountered in this work, the neglect
of the effect of the other heavy absorbers overestimates (relative to
equation (4C32b)) the effective resonance integrals of the dilute nuclides
by the following approximate amounts:
Pa233 20%
U233 10%
U234 10%
U235 25%
U236 35%
Np237 25%
However, reference (Cl) states that the use of the equivalence theorem
for a single absorber in a lump underestimates the heterogeneous effective
resonance integral by about 10%. This is due primarily to the use of
Wigner's rational approximation for the escape probability from a lump.
These errors thus approximately cancel one another in the cases of
U233 and U234, which are major dilute resonance absorbers. Due to their
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low concentrations, Pa233, U235, U236 and Np237 are only minor absorbers
of resonance neutrons and the errors in their effective resonance inte-
grals cause a negligible effect on the overall neutron balance and con-
version ratio.
3. Experience has shown that considerable uncertainty exists in resonance
data even from the most reliable sources. For example there exists in
the literature a discrepancy of 10% in the infinitely dilute absorption
resonance integral of U235 which is probably the most carefully and thor-
oughly studied of all the fuel nuclides. Since it is not the purpose of
this work to develop a precise method for calculating effective resonance
integrals but rather to calculate effective resonance integrals with the
currently available data, it is felt that the method used is adequate.
4. No doppler correction is applied to the effective resonance integrals
of the six dilute fuel nuclides. Since the calculational procedure
probably overestimates the effective resonance integrals, the neglect of
the doppler broadening decreases this error.
(B) Homogeneous effective resonance integrals
For the calculation of the homogeneous effective resonance integrals
as a function of -1 , equation (4C32b) is approximated by the following
equation:
7
10 QV
II" T 11[ . 1TI (4 C-3)
o.414ev + T HomnoganeoL.s
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The values of g vs. Nu for U233(absorption) are shown in figure 4.7
(Gi). The cross sections are averaged over 68-0.25 lethargy intervals
from 0.414 to 107 ev and include both the resonance and 1/v contributions.
Resonance data in this form for all nuclides were obtained from Oak Ridge
National Laboratory and are the same as were used in ORNL-3686 (Gl).
Lethargy intervals 6 and 13 of U233(absorption) each contain more
than one resonance. It is necessary to divide each of these lethargy
intervals into smaller intervals which approximately cover each separate
resonance before substituting the data into equation (4C33). The two
data for each resonance which are needed for this division are the peak
cross section and the practical width.
1. Peak cross section,0 - The peak cross section is defined by Hughes
and Schwartz (H4). The data necessary for its calculation came from
reference (Gl).
2. Practical width - The practical width is due to Wigner (W4,WS) and
is defined as the width of the Breit-Wigner resonance at the point where
the absorption cross section equals the potential scattering cross section
of the absorber (N2), as shown in figure 4.8.
-7';p
Figure 4.8: A Resonance Peak
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20= 7- 1 4C34)
where
* practical width of resonance
r = total width of the resonance at half maximum
6~o a peak cross section of the resonance
O-p a potential scattering cross section of the resonance
absorber
A lethargy interval which contains more than one resonance is then divided
into lethargy intervals whose widths are proportional to the practical
widths of the resonances, whose heights are proportional to the peak
cross sections of the resonances and whose total lethargy integral in
unchanged. This division for intervals 6 and 13 for U233 is shown on
figure 4.7. Similar divisions were made for the other five dilute
nuclides.
The homogeneous effective resonance integrals are then calculated
as a function of -M for each of the six dilute nuclides by the
use of equation (4C33). Cross sections used in this calculation are
given in appendix B. The results for U233 are shown in figure 4.9 in
the form of a plot of the effective resonance integral Ilff versus the
potential scattering cross section per absorber atom 6 . Fourth
order polynomials are fitted to plots of effective resonance integrals
versus I/ [M] and are used for the determination of the
Fiure 4.9: EIffective Resonance
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heterogeneous effective resonance integrals in the burnup calculations.
The heterogeneous equivalence parameter can be reduced as follows:
N 7 7 e+arogeneous N Heteroe "eo 0"s
(4c55)
where
* macroscopic scattering cross section of the oxygen in the
fuel rod
Drod = fuel rod diameter
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(II) Effective resonance integral of ThO2
The effective resonance integral of ThO 2 is calculated from the
Weitman experimental equation (W3):
ITho, (barns) = 6.4 + 15.5 $MrWO S5*/a, O.A5
where
S/Krh02 a surface area/mass of ThO2' cm
2 /gm
For S/MTh0 < 0.15, Weitman suggests
Th2
+0.1 S
MThOz
<0.15
(4C37)
Both of these equations include the 1/v contribution and were obtained
at 200C (T ).
Corrections for the doppler broadening of ThO2 were made
Crowther calculated equation (C4):
0.64-27 + o.4007- 
0.01809 M 
OZ
with the
+ 0.01774[_7 MrhozI
T 5
.
0.2. 6 M2 . 2.O,
- 0.04309 T
TO )
293 *K 5 T 150 O K
(4 c.36)
4 0.65
(4C36)
ITrho0. (ba.rns)= 20.4 0.2.2- + .-S
I ~M-rioz
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where
(I/I)Th020 effective resonance integral of ThO2 at temperature
T divided by effective resonance integral of ThO
2
at temperature T0 (20 C)
(III) Other resonance parameters
Some other resonance parameters are indicated in figure 4.10. The
c( values above and below 5 ev for U233 and U235 are calculated as
follows:
tO7 ev
5ev
{4c.39)
C(loweri
5eV
0.4-14ev
5 av
0.414 eaV
64 1j U
where
; microscopic resonance absorption
function of lethargy, u (Gl)
; microscopic resonance fission
function of lethargy, u (Gl)
cross section as a
cross section as a
The fraction of the resonance absorption which occurs above S ev in Pa233,
U233, U235 and Np237 is listed in figure 4.10. This quantity is calculated
- 'I (4C40)
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-as follows:
10ev
f= 5ev
C4i)
where
0~= infinitely dilute resonance integral of nuclide i (Gi)
b. Number of fission neutrons produced per resonance absorption
in a fissile atom, r
The quantities are indicated in figure 4.10. The values
above and below 5 ev for U233 and U235 are calculated as follows:
j = 1 for U233 above 5 evj a 3 for U235 above 5 evJ
j = 2 for U233 below S evij= 4 for U235 below 5 ev)
T, i A U
10 ev
5 ~v
5Oev
Sev
(4C42)
5ev
O .4+14 ev
0-- ZS AU
.5 v
0.414e~v
(4C43)
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where
T 'bi number of fission neutrons produced per resonance fission
by neutrons of various resonance energies (Gl)
At thermal 'energies, the values of used are 2.430 for U235 and 2.503
for U233.
3. Fast region
a. Fast diffusion coefficient, D
The fast diffusion coefficient is calculated by adjusting of the
value of D for heavy water to allow for the volume fractions of ThO and1 2
zircaloy (Al,K2):
c.eI I = ___________
3
( )' 0D 10
Emao
3 (zivCa)Pj
(I Ztval azo p xtr .i)o.10L + (Z 2",) Z e
L "'') nao
V 10 o (4C44)
3 (ira~
where
V - volume fraction of region i in unit cell
and subscript I refers to the fast group. The other symbols have their
usual meanings.
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b. Fast removal constant, .,I
The fast removal constant is calculated by the equation
-alc~it ~ -D,) cell / cell (4C45)
The age 't cell is calculated by adjusting of the value of 't for
D20 to allow for the volume fractions of Th02 and zircaloy (Al,K2):
= _______
(E. ~.Al
- 3 (
= ti,+
Vi, 0 ( 'II:)D'Lo* + f s-hL(fs'rCz*.)Dz+0 
-,.)l,.I( fP
1 (9 Z S)bLO (/ Z rI) EDO
I z~V.I)Tlo
Y~ Elly,o
(N Ztrs)ctiJ
(9 I zs).Zo
- 3(r~.~A~~il
C-.. II
(4 C46)
where
Zs = resonance slowing down power
c. Fast fission factor, 6
The fast fission factor is set equal to unity throughout this work.
This is because Th232 fast fission adds at most a few tenths of a percent
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to the fast source and its fast fission constants are not well known.
4. Fuel nuclide concentrations
The fuel nuclide reaction chain is shown in figure 4.11. Concen-
trations of Th233, Pa234 and U237 have been treated as negligibly small
because of their short half-lives. The reaction rate equations for the
fuel nuclides are as follows:
ThZB2: dN = -%N J-, 4 - ' P, <->J
+ t,
(4c.47)
Pa233 d Nz=
dt
(C44)
d t
Xp~~Na -N 3 Cr. 3 4
VII < 4 . 174 ' 
> ] (4C4 9)
U 2.34: dN.
d t
N 3 ( a. 3 ~-i. N3 - N 4 4I
+ 1% PI 1  CA I -+ 74(<1-0)9 at- -<1-V'sI 1 -*%I+k
+ y, <l - p, <1i- 6 (4 C 50)
NI(Ta.10 -Nz F&? +X\P&
+ %P, 174 <'_ >6]
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Figure 4.11: Fuel Reaction Ckein
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The saturation concentrations of the "Sm" group and Xe135 are given
by:
NOi0 = N 3 a3 rst +-
4- 9PI +< '>3L 1I1 1 4 ck
N 5 -f5 Y53
+~ J7 4 <- k9 ] +S
1 4-okZ.
+. -) + y74. <I~O ]Y53JI + 3 I + 4. j
Xe~5' N ij + Ie. N 3 yx+
+ \ L *< I 4
+ N T45 )(3
174 <Ic
+ <1 - ;4 + 4 74 <I-~>'* yx3} (4C5?
Lk +3 
-+4- J~ J
where the following notation has been used:
N = number of atoms per unit volume of fuel
4 a average thermal flux in the fuel
t w time
s- microscopic cross section averaged over the Wilkins spectrum
q = fast source per unit volume of unit cell
Vf, = volume fraction of fuel in the unit cell
PI = fast nonleakage probability q , D
D.V79, a net fast leakage in per unit volume of unit cell
I a
rou
(4c.56)
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p17 a 1i 2 3 4 5
P174 ' Pl796'7
A - decay content
y = yield per fission
ck - infinitely dilute capture resonance integral/infinitely dilute
fission resonance integral
with the subscripts
1 a Th232
2 a Pa233
3 a U233
4 a U234
5 a U235
6 a U236 For N,-
7 a Np237
8 a U233 fission product pairs
9 a U235 fission product pairs
10 = "Sm" group
11 a Xel3S
1 a Th232
2 a Pa233 above 5 ev
3 a U233 above 5 ev
4 m U235 above S ev
S a Np237 above 5 ev For b)(1->
6 a U234
7 a U236
8 a Pa233 below 5 ev
9 a U233 below 5 ev
10 = U235 below 5 ev
11 a Np237 below 5 ev
1 a
2=
3=
43
S2
S3
X2
U233 i
U233 I
U235
U235
a U233
= U235
- U233
} for i, (1-*)
above 5 ev
elow 5 ev
above 5 ev
below 5 ev
for a
X3 = U235
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D. Mathematical techniques
No new mathematical techniques are introduced in this work. The
problems to which the more interesting techniques were applied are listed
below:
1. Solution of the nuclide concentration -equations (equations (4C47) -
(4C55)).
The third order Runge-Kutta method is applied to the solution of
these first order ordinary differential equations. The procedure is
described by Hildebrand (Hl).
2. Determination of the effective cross section of the nonsaturating
fission products.
Equation (4C18) is approximated by
K
A F (eOK ZSN' c~N (4 D 1
where
K refers to the axial mesh point of interest in a channel
N a index which ranges from the first axial mesh point in
a channel to the mesh point, K, of interest
Go a 2200 m/s flux time
ANFPN a nonsaturating fission products produced during time
interval 4 tN
The approximations involved in solving equation (4D1) are discussed by
Hofmann (H2,S3).
3. Determination of the flux shapes.
The finite difference equation (4B9) is rearranged as follows:
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= F C 15Z + C 153 + 4 C j
+ 4ijj+t C154j - Qi -Si)j - C 151 ijjl
+ (I--F) <# (4 D.)
where
F = Extrapolated Liebmann parameter which can range between 1
and 2. A value of 1.5 was used throughout this work.
The other terms are defined in section IVB.
Equation (4D2) defines the Extrapolated Liebmann mesh sweeping pro-
cedure as used in this work. A more detailed description is given by
Clark and Hansen (C3), page 126.
4. Solution of the Wilkins equation
Equation (4C20) is solved by a fifth order Milne method as described
by Shanstrom (Si).
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E. Other concepts
1. Definitions of the conversion ratio
In this thesis, two conversion ratios are considered. These are
the internal conversion ratio and the conversion ratio with reprocessing
loss. The internal conversion ratio can be defined in three ways, all
of which are equivalent. Each definition is discussed in detail below.
(1) The first definition of the conversion ratio is given by equation
(4E1), with reference to figure 4.12.
CRL - Total fissile atom source =
Total fissile atom sink
Q R
5 F - B-OR
where
CR =
L
QR=
SR 
=
B =
and in figure
I R 
-
conversion ratio with reprocessing loss
source of fissile atoms in the reactor
sink of fissile atoms in the reactor
fissile atoms leaving the reactor
fraction of reactor discharge which is lost in
reprocessing and fabrication
4.12
fissile atoms entering the reactor
The internal conversion ratio is obtained by deleting from equation (4E1)
the contribution to the total fissile atom sink of the reprocessing loss:
CRo= QR
SR
(4E1)
(4EZ)
I--- .- -------------
(I-B)- On
FisLre 4.I I: Norenc. ture +or Defining
Reactor
QR Produced
5 R Consumed
RabrocessinCJ -nd
Fabrication Plant
B-OR Lost
Conversion
-4
IR
Ratio
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where
CR = internal conversion ratio
0
The conversion ratio considered from the point of view described in this
paragraph is used in this work only in calculating the conversion ratio
with reprocessing loss with equation (4E1).
(2) The second definition of the internal conversion ratio is given by
equation (4E2a):
CRo = [(r - [) + PA PL - (Dz0) + (Zr) + (Pda.33)
(Pa. Z~33 (4E )
where
number of fast neutrons produced by fission per
absorption (resonance plus thermal) in a fissile
nucleus (U233 plus U235).
(1) = absorption (resonance plus thermal) in a fissile
nucleus (U233 plus U235) required to maintain the
chain reaction.
(PAPL) = Parasitic Absorptions Plus Leakage per fissile
absorption. The parasitic absorbers included in
(PAPL) are U236, Np237, Xe135, the "Sm" group and
nonsaturating fission products. The leakages are
overall fast and thermal leakages from the reactor.
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(D20) a absorption in heavy water per fissile absorption.
(Zr) = absorption in zircaloy (or other structural material)
per fissile absorption.
(Pa233) = absorption in Pa233 per fissile absorption.
It is seen that the quantities in the second set of brackets, i.e.,
) 4- -- -.- - '] , include the overall leakages and absorptions in all
nuclides in the reactor other than the fertile nuclides, Th232 and U234.
Therefore, when this quantity is subtracted from t1 , the total number
of fast neutrons per fissile absorption with which one has to work, the
result is the number of neutrons which are left to be absorbed by Th232
and U234. In other words this is the number of atoms of Pa233 and U235
formed per fissile absorption. Since each neutron absorbed in Pa233
results in an atom of Pa233 which is not allowed to decay to U233, the
quantity (Pa233) must be subtracted a second time, as is done in equation
(4E2a). The result is the internal conversion ratio CR or the number
of fissile atoms produced per absorption in a fissile atom. All of the
values of internal conversion ratio presented in this work were calcu-
lated with equation (4E2a).
(3) The third definition of the internal conversion ratio is given by
equation (4E2b):
C.Ro (fT h z Z + (U23 4)] ~ P&R3-1(E26
where
(Th232) = absorption in Th232 per fissile absorption.
(U234) = absorption in U234 per fissile absorption.
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The first quantity in braces, i.e., f[(ThZ3Z) - (U234 gives
directly the number of absorptions in fertile material per fissile
absorption or the number of atoms of Pa233 and U235 which are formed per
fissile absorption. The quantity (Pa233) must be subtracted, as is done
in equation (4E2b), to account for Pa233 atoms which, due to neutron
absorption, do not decay to U233. Once again, the result is the internal
conversion ratio CR or the number of fissile atoms produced per absorp-
tion in a fissile atom.
In each of the three definitions of CR given above, it is seen that0
all Pa233 atoms which do not absorb neutrons are assumed to decay to U233
and are included in the production rate of fissile atoms. This condition
is approached if the discharged fuel undergoes a long cooling period.
2. Absolute values of the thermal and fast fluxes
a. Introduction
As stated previously, the primary function of the fuel cycle calcu-
lation is to solve simultaneously at each mesh point in the reactor the
two-energy-group diffusion equations which represent the neutron behavior.
For a power producing reactor this includes the determination of the
absolute values of the fast and thermal fluxes. The general diffusion
equation and the two-group constants are repeated below from section IVB:
-v 4~ Q -(4BI)
where
Table 4.1: Fast and Thermal Neutron Fluxes, Sources and Sinks
Flux Source(Q) Sink(S)
Fast: 
____E I- E( <~i~>
D, D,
Thermal: PEa
D
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The absolute values of the fast and thermal fluxes are calculited in the
subroutines SPFUN, SPACFX and SPFUN2. Only one or two passes are made
through these three subroutines prior to a subsequent recalculation of
the fuel properties since repeated passes performed when the source and
sink terms are far from correct lead to unreasonable flux values.
b. Subroutine SPFUN
In this subroutine the source and sink terms listed in table 4.1
are calculated at each mesh point in the reactor. The values of
and () in the source terms are from a previous estimate or iteration.
c. Subroutine SPACFX
In this subroutine the shapes of the fast and thermal' flux distri-
butions are calculated. In other words, C(;, () and
are determined at each mesh poi it, where the
subscripts (1,1) refer to the mesh point nearest the coie c nter as shown
in figure 4.2.
The steps in the calculation of the flux shapes are as follows:
1. The fluxes and source terms of the energy group of interest are
normalized so that the fluxes of the energy group of interes: have an
average value of 1. The following three equations apply:
Vo I u e
C. = ZE -Z)
M
5 - - (4E 3)
C
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= (4E:4)Q A.) 3 )
C
where
M
(ioj)
- number of mesh points in 1/4 of the reactor
a flux and source terms respectively at point
(ij) for the energy group of interest
= normalized flux and source terms respectively
2. The diffusion equation (4B1) is again approximated by the finite
difference equation:
=F j O) l iC1 5 z-i 4-53 CS
- C(~) - ~ O i5l
C0-)4
where
- iteration loop number
F. = Extrapolated Liebmann parameter which can range between 1
and 2. A value of 1.5 is used throughout this work.
The other terms are defined in section IVB. A single sweep is made through
the reactor mesh with equation (4E5).
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3. The fluxes '{ resulting from step 2 are again normalized as
in step 1.
4. The following inequality is then tested at each mesh point in the
reactor:
If inequality (4E6) is not satisfied at each mesh point in the reactor,
the steps 2, 3 and 4 are repeated until the inequality is satisfied.
5. The converged fluxes are normalized to
6. Steps 1-5 are repeated to obtain the flux shape of the second energy
group.
d. Subroutine SPFUN2
In this subroutine, the absolute values of the fast and thermal
fluxes are calculated as well as the specific power and power density at
each mesh point in the reactor. The absolute value of the thermal flux
is determined from the average specific power in the reactor. The steps
are as follows:
1. The total homogenized spectrum averaged macroscopic fission cross
section is calculated as follows:
~Tor ,7Za(47
(ill)4- kOE 7
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where
. - total homogenized thermal fission cross section
averaged over the Wilkins spectrum, 1/cm(-) - resonance fission probability (figure 4.10)
1 4+o
<1-> '9 4.-
1 +o- . 14+ek4.
2. Quantities proportional to the power density at each mesh point are
calculated as follows:
( ToT7-.0s LrMi
-= I3.14 x 101) Ew tt-s /c m
3. The grams of fissile material G (ij) in the volume associated with
each mesh point are transferred from subroutine CONCH.
4. The quantity 
.(1) is then obtained from equation (4E9):
4.1-
LSrn +issuJeJ) ( (Ij
-'~ core-VoI LLniA& [W6-t t SF -rzi(PaWv e MS itx)%) Lc-rn J A~V L[fl-Sk oh
(iii P. Ll
(4 E. 8)
= (5PPTMx
Sro f-issf
(4E9)
C (I 1) 1IC ML 5 ec.]
-<1 - /3 + (i- >>41,.4
1+0(1 Oka+e4
.i) cz s5ee- 3.14 x 1
emC-M sec]
(pow er dens 'ity) =
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where
SPPTMX = average specific power in the core, one of the para-
meters assigned a numerical value
The absolute values of the thermal flux can now be determined from
and the thermal flux shape from subroutine SPACFX. The power density
can be determined from equation (4E8). The specific power can be deter-
mined from equation (4E10):
rw 5ts C rn'
(Power Jensit)(;,) wCa 3  Iv ot
C,) mesk pointj
(5 peci * i c
(4E 10)
Since the absolute value of the thermal flux if related to the
fission rate in the reactor, it is also related to the source of fast
neutrons. By analogy, one is led to determine the absolute value of the
fast flux from the source of thermal neutrons in the reactor. This is
done in the following manner:
1. If the thermal neutron balance equation is summed over the reactor
volume, VR' the following result is obtained:
Z ( 74')t"V
VR VFt
(Y, 4 - D V7z-4) tV @E 11)
ow e r)(;, =
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2. Two quantities which can be calculated at this stage are the right
hand side of equation (4E11) and
3. The final result is thus obtained:
VR
VR
With this value of and the values of in hand,
the absolute value of the fast flux at each mesh point in the reactor
can be calculated.
Since by equation (4E12) the thermal neutron balance equation is
forced to be satisfied on the average throughout the reactor, the
normalization constant C from equation (4E2), used in determining the
thermal flux shape, oscillates in a damped fashion around 1.0. The
normalization constant C used in determining the shape of the fast flux
is a free constant. The feed enrichment is adjusted to force this con-
stant to equal 1.0, at which stage each of the two-group diffusion
difference equations is satisfied at each mesh point in the reactor and
the reactor is just -critical.
zR
(Z& - D Vz-4)) AV
4 E12)
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QiAPTER V
EFFECT OF THlE PRIMARY VARIABLES ON TH1E CONVERSION RATIO
A. Introduction
In this chapter the effects of the three primary variables on the
conversion ratio are discussed. The primary variables are feed burnup
(megawatt days/metric tonne of metal feed), volume of moderator/volume
of fuel and fuel rod diameter. Throughout this chapter, the secondary
variables are held constant at the following values:
Average specific power 1000 kw/kg fissile
Volume of zircaloy/volume of fuel 0
Reprocessing loss 0
Total power 8333 MW(th)
(It should be noted that a fixed average specific power and a fixed total
thermal power dictate a fixed mass of fissile material in the reactor
cores, viz. 8333 kg in this case.) The values of the feed burnup studied
were 10,000, 20,000 and 30,000 mwd/t. The values of volume of moderator/
volume of fuel studied covered the ranges in which were found the maximum
conversion ratios for each fuel rod diameter at each feed burnup. The
fuel rod diameters were decreased from a value of two inches in the
anticipation that maximum conversion ratios would be found as a function
of this parameter for each feed burnup. However the maximum conversion
ratio continued to increase as the rod diameter decreased, without a
maximum being found, as will be discussed.
The feed burnup affects the conversion ratio primarily through
absorptions in nonsaturating fission products. The effect of the volume
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of moderator/volume of fuel is primarily through spectrum effects and
moderator absorptions. By inspection of equation (4E2a), it is therefore
seen that the direct effect on the conversion ratio of these two primary
variables is principally through their effect on 1 and absorptions in
nuclides other than the fertile nuclides.
As the fuel rod diameter is decreased, the effective resonance
integral of Th0 2 can increase on the order of 100%. This results in a
large increase in the absorption of resonance neutrons by Th232. By
inspection of equation (4E2b), it is therefore seen that the direct effect
on the conversion ratio of the fuel rod diameter is principally through
its effect on the absorptions by a fertile nuclide itself, i.e., Th232.
All of the neutron balance results in the figures and tables of this
chapter are normalized to one absorption (thermal plus resonance) in a
fissile nuclide. As a result of this normalization, it is essential to
keep in mind the relative fractions of resonance and thermal reactions
when interpreting the results. The smaller the fuel rod diameter, the
larger will be the effective resonance integral of any fuel nuclide, pro-
vided that its concentration change with decreasing fuel rod diameter is
small, as is usually the case. Therefore, the smaller the fuel rod diam-
eter, the larger will be the fraction of resonance absorption in a fissile
nucleus per total absorption in a fissile nucleus. As a result, those
nuclides which are predominantly thermal absorbers,particularly the non-
saturating fission products, are less effective poisons in small diameter
rods with their increased fraction of resonance absorptions.
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The fast or thermal neutron leakages referred to througout this
work are defined from the following diagram:
where
Jm=
2
S =
S2 =
net current out of core/fissile absorption per second
net current out of reactor/fissile absorption per second
surface area of core
outer surface area of blanket
The leakages are defined as follows:
S IJ = net leakage out of core
S2J2  S 1 1  net leakage out of blanket
S2 2 a overall leakage from reactor
The variable "volume of moderator/volume of fuel" will hereafter be
referred to simply as "moderator ratio." The results of this chapter are
discussed in the burnup order of 20,000 mwd/t, 10,000 mwd/t and 30,000
mwd/t. This is because the 20,000 mwd/t case was studied most thoroughly
with respect to the secondary variables, and the results of chapter VI
are thus discussed in this order of burnup. The 20,000 mwd/t results in
this chapter are discussed in great detail in order to establish the
basic explanations for general trends for a given burnup. Only the
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deviations, if any, from these general trends are discussed in detail for
burnups of 10,000 mwd/t and 30,000 mwd/t.
B. Burnup of 20,000 mwd/tonne of metal feed
1. Conversion ratio and its components
Detailed neutron balances and conversion ratios for all combinations
of values of primary variables studied are listed in table 5.1.
In figure 5.1 are shown the conversion ratio and its components for
a burnup of 20,000 mwd/t plotted as a function of moderator ratio with
fuel rod diameter as a parameter. The value of Y , the number of fast
neutrons produced per fissile absorption, includes both thermal and
resonance absorptions in both U233 and U235. A value of the conversion
ratio is obtained by subtracting from a value of (r -1) the sum of para-
sitic absorptions* and leakage, D20 absorption and 2 x Pa233 absorption,
i.e.1by use of equation (4E2a), Therefore, all Pa233 which is not
destroyed by neutron absorption is assumed to decay to U233 and is included
in the production rate of fissile material. The conversion ratios
listed in table 5.1 were calculated in this manner. The conversion
ratio also is equal to absorptions in Th232 and U234, minus absorptions
in Pa233, as shown in equation (4E2b). Conversions ratios calculated
by both equations (4E2a) and (4E2b), using the data from table 5.1, do
not agree exactly due to the lack of complete convergence in the various
iterative procedures used in the simultaneous solution of the two-energy-
group diffusion difference equations.
*The parasitic absorbers are U236, Np237, Xel3S, the "Sm" group, non-
saturating fission products and zircaloy.
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The values of rj , the number of fast neutrons produced by fission
per absorption in a fissile nucleus, for the fissile nuclides vary
approximately with neutron energy as follows:
Nuclide 2200 m/s Resonance Region
U233 2.29 2.14
U235 2.06 1.59
The value of (Fj-1). in figure 5.1 increases with increasing moderator
ratio because the fraction of fissile absorptions which occurs in the
resonance region is reduced. A higher fraction of the fissile absorptions
thus occurs in the thermal region where the values of q are higher.
Also, as the conversion ratio increases with increasing moderator.ratio,
the mass in the reactor of U233, with its higher values of f , increases
and the mass of U235 decreases. At a moderator ratio of 10, (6 -1) for
the one inch rod is smaller than for the two inch rod. This is because
the effective absorption resonance integrals of the fissile nuclides in
the smaller rod are larger. At a moderator ratio of 30, however, ( -1)
for the two inch rod is smaller than for the one inch rod because the
reactor with the two inch rods has more absorptions in U235 with its
smaller value of * This latter result is shown in figure 5.6. The
same line of reasoning is applicable when one compares the values of
( -1) for the other rod diameters.
The D2 0 absorptions increase with increasing moderator ratio, of
course, because of the added volume of D20. The values are higher and
have steeper slopes for the larger rods because the greater depression
of the thermal flux produces a higher relative thermal flux in the
moderator region of the unit cells with the large rods.
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The Pa233 absorptions decrease with increasing moderator ratio
because of the decrease in resonance absorption. The smaller rods have
the higher values of Pa233 absorption because the effective resonance
integral of Pa233 in the smaller rods is larger and the Pa233 concentration
is higher. The thermal absorption by Pa233 increases with increasing
moderator ratio because of the increased thermal flux. These items are
also shown in figure 5.2.
The individual components of the curves of parasitic absorptions and
leakage will be discussed later. It is seen that these curves do not
vary greatly with moderator ratio. The curves for the smaller rods are
lower primarily because of the decreased absorption in nonsaturating fis-
sion products. As mentioned previously, this is due in part to the
increased reliance on resonance reactions of the smaller rods. In
addition, the large increase in resonance absorption by Th232 with de-
creasing fuel rod diameter mentioned previously causes a decrease with
decreasing fuel rod diameter of the number of neutrons slowed down to
thermal energy per absorption in a fissile nucleus. This is shown in
figure 5.8 which is a plot of the number of neutrons slowed down to
thermal energy per absorption in a fissile nucleus versus moderator
ratio for 10,000 mwd/t, 20,000 mwd/t and 30,000 mwd/t burnups. This lat-
ter result causes the absorption by nonsaturating fission products to
decrease with decreasing fuel rod diameter because the nonsaturating
fission products are principally absorbers of thermal neutrons.
The conversion ratio curves increase initially with increasing
moderator ratio because of the increase in (F-1) and the decrease in
Pa233 resonance absorption. Eventually, however, these latter two items
tend to level out while the D2 0 absorptions continue to increase with
133
increasing moderator ratio. The conversion ratio curves thus reach maxi-
mum values. The curves for the large rods reach peaks at smaller values
of moderator ratio and the peaks are more pronounced because of the
steeper slopes of their D 20 absorption curves. The peaks in the flatter
curves for the smaller rod sizes are difficult to locate precisely as a
function of moderator ratio.
The effect on the conversion ratio of decreasing the fuel rod
diameter is interpreted with the use of equation (4E2b). A decrease in
the fuel rod diameter causes an increase in the effective resonance
integral of Th0 2 of the order of 100%. This results in a large increase
in the absorption of resonance neutrons by Th232. Therefore, the direct
effect on the conversion ratio of decreasing the fuel rod diameter is to
increase the absorptions by the fertile material Th232, a quantity which
is included directly in equation (4E2b). The indirect effect on the con-
version ratio of decreasing the fuel rod diameter is reflected in equation
(4E2a) and, therefore, in figure 5.1. Because of the increased resonance
absorption in Th232 with decreased fuel rod diameter, the number of
neutrons slowed down to thermal energy per fissile absorption is reduced.
Therefore, the number of thermal neutrons available for absorption in
nonsaturating fission products is reduced. This is shown in figure 5.1
by the decrease in parasitic absorptions plus leakage with decreasing
fuel rod diameter. The decrease in the number of neutrons slowed down
to thermal energy per fissile absorption also causes D2 0 absorptions to
decrease with decreasing fuel rod diameter. The D20 absorptions also
decrease with decreasing fuel rod diameter because of the decreasing
thermal flux peak in the moderator of the unit cell.
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Two other notes on the effect of decreasing the fuel rod diameter
are as follows:
(1) The effective resonance integrals of the fuel nuclides other than
Th232 are large in any case because these nuclides are very dilute.
Therefore, decreasing the fuel rod diameter does not increase these
effective resonance integrals by large percentages, as compared to the
increase in the effective resonance integral of Th232.
(2) Since a homogeneous system has higher Th232 effective resonance
integrals than a heterogeneous system, the maximum conversion' ratio which
could appear in figure 5.1 would be for a homogeneous system.
2. Masses and mass fractions of fuel nuclides in the reactor cores
The seven fuel nuclides considered in this section are Th232, Pa233,
U233, U234, U235, U236 and Np237. The masses and mass fractions of the
fuel nuclides are listed in table 5.2. All but Np237 are plotted as a
function of moderator ratio in figures5.9 through 5.12.
The mass of Th232 in the core usually decreases as fuel rod diameter
decreases. Because the smaller rods have higher effective resonance
integrals and therefore lower resonance escape probabilities, higher enrich-
ments are required in the cores with the smaller rod diameters in order
to maintain criticality. Since all of the cores contain the same mass of
fissile material, the only way of increasing the enrichment is to decrease
the mass of Th232. The mass of Th232 increases as moderator ratio
increases because the resonance escape probabilities rise and rises so
a lower core enrichment suffices to maintain critcality.
As the rod diameters decrease, the mass of Pa233 in the reactors
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increases, because resonance absorption increases to a greater extent in
Th232 than in Pa233. The mass of Pa233 for a given rod diameter increases
with increasing moderator ratio and passes through a maximum, because the
sum of resonance and thermal absorptions in Th232 passes through a maxi-
mum as shown in figure 5.7.
The mass of U233 in the'core increases as moderator ratio increases
because of the increasing conversion ratios. The mass of U233 in the
core generally increases with decreasing fuel rod diameter'also because
of increasing conversion ratios.
The quantity of U235 in the core equals 8333 kg. minus the kg. of
U233 in the core.. Therefore the reasons which cause the quantity of U233
to increase also cause the U235 to decrease.
The curves of U234 and U236 mass resemble inverted conversion ratio
curves. The reasons for this are as follows:
1. At a low moderator ratio, the conversion ratio is relatively low. A
relatively large fraction of the core discharge is recycled into the feed
which results in relatively large amounts of U234, U235 and U236 in the
core.
2. As the moderator ratio is increased, the conversion ratio increases.
Therefore,. less discharged U234, U235 and U236 are recycled into the feed
and the quantities of U234 and U236 in the core drop.
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3. Shortly after a conversion ratio curve has passed its peak, the amount
of discharged U234, U235 and U236 recycled into the reactor feed begins
to increase again. Also at a high moderator ratio, the U234 and U236
resonance absorptions have been greatly reduced. Since resonance absorp-
tion is the primary sink for U236, the quantity of U236 in the reactor
increases sharply. For U234, thermal absorption is still a large sink
so the quantity of U234 in the reactor does not increase as sharply.
The quantities of U234 and U236 in the cores decrease with decreasing rod
size because of increasing conversion ratios which require a smaller
fraction of the core discharge be recycled into the feed.
The mass fraction curve of Th232 for the two inch rod is lower than
the curve for the one inch rod although the mass of Th232 in the core is
larger for the two inch rod than for the one inch rod at low moderator
ratios. The larger quantities of U234 and U236 in the cores with the
two inch rod cause the mass fraction of Th232 to drop. The same expla-
nation applies when comparing the mass and mass fraction curves of Th232
for the other rod sizes.
The curves of mass fraction vs. moderator ratio for the other fuel
nuclides follow directly from the curves of mass vs. moderator ratio.
Some of these mass fraction curves will be referred to later.
3. Parasitic absorptions and leakage
The parasitic absorptions occur in the following nuclides: U236,
Np237, Xe, the "Sm" group and the nonsaturating fission products. The
leakages include both the overall fast and thermal leakages from the
reactor.
When studying the curves of absorption by nonsaturating fission
products, it is helpful to consider at the same time the curves for D20
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absorption. These sets of curves are in figure 5.3 and 5.2 respectively.
For a given burnup, the concentration of nonsaturating fission products
throughout the fuel in the core is roughly fixed. Therefore as the
moderator ratio increases, a fixed concentration of nonsaturating fission
products competes with an increasing quantity of D20 for the thermal
neutrons. At large fuel rod diameters, D20 in general is more effective
as an absorber than as a moderator, when compared to the absorption by
nonsaturating fission products, for two reasons:
1. The thermal flux has a severe dip in the large diameter fuel rod.
Therefore an increase in D 0 volume occurs in a region of relatively high2
thermal flux. This effect is seen from the greater slopes and greater
values of the D 0 absorption curves for the large diameter fuel rods in
2
figure 5.2.
2. In a large diameter fuel rod with its smaller effective resonance
integrals, the fraction of resonance reactions is smaller than in a
smaller diameter rod for the same moderator ratio. Therefore any D20
added to a unit cell with a large diameter fuel rod has a relatively
small fraction of resonance neutrons to moderate. This is illustrated
in figure 5.8. For a given range of moderator ratio, say from 30 to 40,
the rate of increase of the neutrons slowed down to thermal energy per
fissile absorption is smaller for the larger diameter rods.
Conversely, at small fuel rod diameters, D20 is in general more effective
as a moderator than as an absorber when compared to absorptions by non-
saturating fission products.
It is seen from figure 5.3 that in general the slopes of the curves
of absorption by nonsaturating fission products increase as the fuel rod
138
diameter is decreased. This is explained by the reasons given above.
That is, for the two inch diameter fuel rods, the added D 0 steals thermal2
neutrons away from the nonsaturating fission products while as the fuel
rod diameter decreases, the added D 20 absorbs fewer thermal neutrons
itself and moderates more resonance neutrons for the nonsaturating fission
products to absorb. The unit cells with the one inch and two inch diameter
rods at a moderator ratio of 10 are so epithermal, however, that the first
addition of D 20 supplies more moderation than poison. It should also be
noted that in general the curves of absorptions by nonsaturating fission
products are lower for the smaller rods. This is because the smaller
rods have a lower fraction of reactions in the thermal region where the
nonsaturating fission products are most effective as absorbers. This is
illustrated in figure 5.8 where it is seen that the smaller rods have a
smaller number of neutrons slowed down to thermal energy per absorption
by a fissile nucleus.
The absorptions by Xe and the "Sm" group are shown in figure 5.2.
The absorptions by both of these thermal neutron absorbers increase as
the moderator ratio increases because of the increased reliance of the
reactor on thermal neutrons. In addition, absorptions by Xe increase
because the increased thermal flux shifts the Xe branching ratio away
from radioactive decay and toward thermal neutron absorptions.
The resonance absorption in U236 is shown in figure 5.2 and the
thermal absorption in U236 in figure 5.4. It is interesting to note that
U236 is primarily a resonance absorber in these reactors.
The U236 resonance absorption decreases with increasing moderator
ratio. Although the U236 resonance integrals are larger for the smaller
rods, the resonance absorption curves for the smaller rods fall below
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those of the larger rods. This is because the smaller rods produce higher
conversion ratios which require less U235 in the reactor, and thus a
lower concentration of U236 is present in the reactor. The resonance
absorption for the 1/10 inch rod is greater than for the 1/4 inch rod
because the U236 concentration is sufficiently greater as shown in figure
5.12.
The U236 thermal absorption curves resemble in shape the U236 mass
fraction curves in figure 5.12. For the two inch rod, the U236 concen-
tration decreases by 28% in going from a moderator ratio of 10 to 20.
The number of neutrons slowed down to thermal energy per absorption in
fissile nucleus increases by 21% as shown in figure 5.8. Therefore the
U236 thermal absorption decreases. In going from a moderator ratio of
20 to 30, both the U236 concentration and the number of neutrons slowed
down to thermal energy increase so the U236 thermal absorption increases.
The curve of U236 thermal absorptions for the 1/10 inch rod is below the
curve for the 1/4 inch rod even though the concentration of U236 in the
reactor with the 1/10 inch rods is greater than in the reactor with the
1/4 inch rods. This is because the curve of the neutrons slowed down to
thermal energy per absorption in a fissile nucleus for the 1/10 inch rod
is sufficiently below the curve for the 1/4 inch rod, as shown in figure
5.8. The U236 thermal absorption curves also tend to increase with
increasing moderator ratio because of the increase in the number of
neutrons slowed down to thermal energy.
The Np237 resonance absorption curves are shown in figure 5.2 and
thermal absorption curves in figure 5.4. Since resonance absorption is
the primary U236 sink, it is therefore the primary Np237 source. There-
fore both the resonance and thermal absorption curves resemble the U236
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resonance absorption curves.
The fast and thermal leakage curves are in figure 5.5. These curves
are separated into net leakage out of the core and net leakage out of the
blankets. The thermal leakage curves increase in absolute value with
increasing moderator ratio because of the increased diffusion lengths for
thermal neutrons. The thermal leakage for the larger rods is higher in
absolute value than for the smaller rods because of the increased thermal
flux dip in the larger rods. The fast leakage decreases in absolute
value with increasing moderator ratio because of the increased slowing
down power of the unit cell.
We are now in a position to discuss the shapes of the composite para-
sitic absorption and leakage curves in figure 5.1. The reactions of
interest are
1. U236 resonance absorption
2. Np237 resonance absorption
3. Np237 thermal absorption
4. Nonsaturating fission products absorption
5. Xe thermal absorption
6. "Sm" group thermal absorption
7. Overall thermal leakage out of the reactor
The overall fast leakage out of the reactor and U236 thermal absorption
have a negligible effect on the shapes of the curves.
In the cases considered in this work, items 1, 2 and 3 always
decrease and items 5, 6 and 7 always increase with increasing moderator
ratio. Item 4 sometimes increases and sometimes decreases with increasing
moderator ratio, depending on the fuel rod diameter and moderator ratio.
It will be seen later that in the cases of burnups of 10,000 mwd/t
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with their high conversion ratios and low concentrations of U236, the
shapes of the absorption curves of Xe, the "Sm" group and nonsaturating
fission products will play a major role in determining the shapes of the
composite curves of parasitic absorption and leakage, while U236 resonance
and Np237 absorption will play a minor role. At burnups of 30,000 mwd/t
with their low conversion ratios and high concentrations of U236, the
shapes of the curves of U236 resonance absorption and Np237 absorption
will play the major role in determining the shapes of the composite curves
at low moderator ratios where the U236 concentrations are highest. At a
burnup of 20,000 mwd/t, the positive and negative absorption effects fre-
quently cancel one another and the absorption by nonsaturating fission
products is the key to understanding the behavior of the composite curves.
It can be said of all the burnups that at high moderator ratios, the
changes with moderator ratio of the U236 resonance absorption and its
daughter Np237 absorption are almost negligible and therefore the shapes
of the composite curves are determined almost entirely by the absorption
by Xe, the "Sm" group and nonsaturating fission products.
Consider now the composite curves of parasitic absorption and leakage
for 20,000 mwd/t in figure 5.1. For the two inch diameter rod, the absorp-
tion by nonsaturating fission products decreases with increasing moderator
ratio. The decrease, along with the decrease in U236 resonance absorption
and Np237 absorption, overcomes the positive changes in absorptions by Xe
and the "Sm" group and the net thermal leakage and causes the composite
curves to decrease with increasing moderator ratio. For the one inch
diameter rod, the composite curve initially increases due to the initial
increase in nonsaturating fission products absorption. The composite
curve then decreases with increasing moderator ratio due largely to the
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continued decrease in absorption by nonsaturating fission products. For
the 1/4 inch diameter rod, the nonsaturating fission product absorption
curve is almost flat and the change with moderator ratio of U236 resonance
absorption and Np237 absorption are largely removed because of the high
moderator ratio. The positive changes with increasing moderator ratio
therefore prevail and the composite curve increases with increasing
moderator ratio. For the 1/10 inch diameter rod, the trends just mentioned
for the 1/4 inch rod continue and the composite curve increases more
sharply with increasing moderator ratio. The composite curves decrease
with decreasing rod diameter due to the decreased absorption by nonsatu-
rating fission products.
4. Fissile absorptions
The absorptions by U233 and U235 are shown in figure 5.6. The thermal
absorptions by U233 increase with increasing moderator ratio despite the
decrease in concentration shown in figure 5.11 because of the more rapid
increase in the number of neutrons slowed down to thermal energy as shown
in figure 5.8. The thermal absorptions by U235 decrease with increasing
moderator ratio because of the rapidly decreasing concentration of U235
in the reactors as shown in figure 5.12. The resonance absorptions by
the two fissile nuclides decrease with increasing moderator ratio. The
thermal and resonance absorptions in U23S decrease with decreasing rod
diameter because of the decreased U235 concentrations in the reactors
with higher conversion ratios.
S. Fertile absorptions
The absorptions by Th232 and U234 are shown in figure 5.7. The
thermal absorption by Th232 decreases as the rod diameter decreases
because of the decrease in the number of neutrons slowed down to thermal
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energy per absorption in a fissile nucleus as shown in figure 5.8. The
Th232 thermal absorption increases with increasing moderator ratio
because of the increase with moderator ratio of the number- of neutrons
slowed down to thermal energy per absorption by a fissile nucleus. The
resonance absorption by Th232 increases markedly with decreasing rod
diameter. This is due to the increased effective resonance integrals
of ThO2 in the smaller rods and is the reason for the increasing con-
version ratios with decreasing rod diameter as shown in figure 5.1.
Increased moderation causes the resonance absorption to decrease with
increasing moderator ratio.
The thermal absorptions by U234 increase with increasing moderator
ratio despite the fact that the concentration of U234 in the reactor ini-
tially decreases as shown in figure 5.12. This is because the fractional
decrease in concentration is much smaller than the fractional increase
in the number of neutrons slowed dowr. to thermal energy per absorption
in fissile nucleus as shown in figure 5.8. The thermal absorptions in
U234 decrease with decreasing rod size because again the number of neutrons
slowed down to thermal energy per absorption in fissile nucleus decreases.
The resonance absorption in U234 increases with decreasing rod diameter
due to increasing resonance integrals and decreases with increasing mod-
erator ratio due to increasing moderation.
C. Burnups of 10,000 mwd/tonne of metal feed and 30,000 mwd/tonne of
metal feed
The conversion.ratio and its components for a feed burnup of 10,000
uwd/t are plotted in figure 5.13 as a function of moderator ratio with
fuel rod diameter as a parameter. Similar results for a feed burnup of
144
30.000 mwd/t are plotted in figure 5.14. The shapes of the composite
curves of parasitic absorptions plus leakage shown in figures 5.13 and
5.14 were explained in the preceding section VB3. The complete neutron
balance results are listed in table 5.1. The explanations for the general
trends of the neutron balance results presented in section VB for a burn-
up of 20,000 mwd/t are valid for burnups of 10,000 and 30,000 mwd/t. The
masses and mass fractions of the fuel nuclides in the core are listed in
table 5.2. Figure 5.8 shows the number of neutrons slowed down to thermal
energy per absorption in a fissile nucleus versus moderator ratio.
D. Comparisons among burnups
All of the results in this section are plotted with moderator ratio
as abscissa and fuel rod diameter and feed burnup as parameters. The
values of (r)-1) are plotted in figure 5.16. It is seen that for a given
rod diameter and moderator ratio, the slope of a curve of ( -1) is
greater the greater the burnup. The reactors with high burnups have
lower conversion ratios and therefore have higher U235 concentrations in
the cores. As shown in section VB1, the difference between thermal and
resonance values of r) is much greater for U235 than for U233. There-
fore in the reactors with high burnups and relatively high U235 concen-
trations, any added moderation is more effective in increasing j . The
increase in ) due to additional moderation causes an increase in the
Th232 absorption and thus the U233 concentration. As the U233 replaces
the U235 in a system with a fixed mass of fissile material, jj is
increased by an additional amount. These reasons also explain why in
figure 5.8 for a given rod diameter and moderator ratio the slope of the
curve of neutrons slowed down to thermal energy per absorption in a fissile
nucleus versus moderator ratio is greater the greater the burnup. Of course,
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the curves of (i -1) are lower for the higher burnups because of the
lower conversion ratios and the resulting higher concentrations of U235.
The conversion ratio and absorption by nonsaturating fission products
are plotted in figure 5.15. The nonsaturating fission product curves
are flatter the lower the burnup. As shown in figure 5.8, the number of
neutrons slowed down to thermal energy per absorption in a fissile nucleus
increases more rapidly with increasing moderator ratio for the higher
burnups. However as shown in figure 5.19 and 5.21, the thermal absorp-
tions in U233 and Th232 also increase more rapidly with increasing moder-
ator ratio for the higher burnups. The latter effects prevail and the
thermal neutrons available for absorption by nonsaturating fission prod-
ucts decrease more rapidly with increasing moderator ratio for the
reactors with the higher burnups. Therefore the nonsaturating fission
products absorption curves in figure 5.15 have a larger negative slope
for the higher burnups.
The conversion ratio curves tend to be more sharply peaked and the
peaks are located at higher moderator ratios for the higher burnups.
This is because the curves of of ( 1-l) have steeper slopes for the higher
burnups. From 50% to 90% of the difference in conversion ratios for
different burnups and a given moderator ratio and fuel rod diameter is
due to the difference in absorptions by nonsaturating fission products.
The 50% value applies at very low moderator ratios and the 90% value
applies at very high moderator ratios. Other causes for the difference
are changes in (j -1) and changes in absorption by U236, Np237 and Pa233.
The results for U236 and Np237 are shown in figure 5.17 and the results
for Pa233 are shown in figure 5.18.
The absorptions by U236 decrease with decreasing rod diameter and
wy
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decreasing burnup because of the higher conversion ratios and lower U235
concentrations which accompany these changes. The absorptions by Np237,
the daughter of U236, follow the same pattern.
The absorptions by U233 are shown in figure 5.19. The curves of
U233(th,f) resemble the curvesof (6 -l) in figure 5.16. It is seen that
once again for a given rod diameter and moderator ratio, the slopes are
greater for the higher burnups. For the explanation of this, refer to
the explanation for the (j -1) curves. The U233(th,f) absorptions are
lower for the higher burnups. One reason for this is the increased
reliance on U235 fissions for power production in the reactors with higher
burnups and lower conversion ratios. Also because of the increased
thermal absorption by nonsaturating fission products for the higher burn-
ups, the fraction of reactions by the U233 in the thermal region is
reduced and the fraction of reactions by U233 in the resonance region is
increased. This is the reason for the increase in resonance reactions by
U233 with increasing burnup for a given rod diameter and moderator ratio.
The absorptions by U235 are shown in figure 5.20. As the burnups
decrease for a given rod diameter, the conversion ratios increase and the
concentration of U235 in the reactor decreases. Therefore the U235
reactions decrease.
The absorptions by Th232 are shown in figure 5.21. The explanation
for the increase in slope of the thermal absorption curves with increasing
burnup for a given moderator ratio and rod diameter is the same as that
previously given for the (6 -1) curves of figure 5.16. The explanation
for the decrease in the thermal absorption curves with increasing burnup
is the same as the second reason previously given for the U233(th,f)
curves. However, in contrast to the U233 resonance absorption curves,
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the resonance absorption by Th decreases with increasing burnup. The
fractional change in absorption probability, d(1-p), for a nuclide is
apprximtel equ t dN(1-p)
approximately equal to where N is the concentration of the nuclide.
Consider a given moderator ratio and fuel rod diameter and then increase
the burnup. The fractional increase in U233 concentration, dN, is much
greater than for Th232 because of the higher enrichment required for the
higher burnup. Therefore the absorption probability for U233 increases
much more than for Th232 in going to a higher burnup. Although the
fraction of resonance reactions is higher for the higher burnups, the
U233 steals resonance neutrons away from Th232 and the Th232 resonance
absorptions decrease.
The curves for U234 absorption are given in figure 5.22. For a
fixed moderator ratio and fuel rod diameter, the curves decrease with
decreasing burnup because of the lower U234 concentrations at lower burn-
ups, a result of the increased conversion ratios.
E. Other results of the calculations
In table 5.3 are listed the input and output flow rates of the fuel
nuclides and the fissile nuclide consumption rates for the cases involving
the primary variables. The ratios of the output flow rates of Pa233, U233
and U235 to the consumption rates of U233 and U235 are also presented.
These latter figures are used in chapter VII when the effect on the con-
version ratio of increasing the reprocessing loss is estimated.
When the conversion ratio is less than 1.0 and the reprocessing loss
is zero, the steady state input and output flow rates of (U233 plus Pa233),
U234 and U236 are equal. The figures in table 5.3 do not verify this
fact exactly. This is, once again, due to the lack of complete convergence
in the various iterative procedures used in the simultaneous solution of
the two-energy-group diffusion difference equations.
Table 5.1: Neutron Balances for the Cases Involving the Primary Variables
Burnup, awd/t
Volume moderator/volume fuel
Rod diameter, inches
Average specific nower, kw/kg fissile
Absorption ratio, zircaloy/fissile
Reprocessing loss, 's
Total power, MW(th)
Production of fast neutrons from
Resonance fission of U233
Resonance fission of U235
Thermal fission of U233
Thermal fission of U235
Total ( )
Net fast leakage out of
Core
Blanket
Neutrons reaching resonance energy
Resonance absorptions
Th232, Core
Th232, Blanket
Pa233
U233
U234
U235
U236
Np237
Net production of thermal neutrons
Overall thermal leakage from reactor
Thermal absorptions
Th232, Core
Th232, Blanket
Pa233
U233 fission
U233 capture
U234
U235 fission
U235 capture
U236
Np237
Xel35
"Sm" group
Nonsaturating fission products
D20
Z rcaloy
Total consumption of thermal neutrons
Conversion ratio
10,000 10,000 10,000 10,000
10 20 30 20
2 2 2 1
1000 1000 1000 1000
0 0 0 0
0 0 0 0
8333 8333 8333 8333
10,000
30
1
1000
0
0
8333
10,000 10,000
40 30
1 1/4
1000 1000
0 0
0 0
8333 8333
10,000
40
1/4
1000
0
0
8333
10,000 20,000 20,000
50 10 20
1/4 2 2
1000 1000 1000
0 0 0
0 0 0
8333 8333 8333
0.490780 0.262292 0.180640 0.275122 0.188037 0.143327 0.208697 0.157440 0.126723 0.504750 0.268454
0.018624 0.007067 0.004462 0.006920 0.004176 0.003021 0.004305 0.003015 0.002344 0.023018 0.008449
1.585013 1.867383 1.962351 1.856886 1.961556 2.013660 1.940600 2.001710 2.037134 1.539644 1.839554
0.136764 0.119715 0.116784 0.116606 0.110447 0.108374 0.108984 0.105383 0.104180 0.158262 0.137087
2.231181 2.256457 2.264237 2.255534 2.264216 2.268382 2.262586 2.267548 2.270381 2.225674 2.253544
0.018707 0.011398 0.008797 0.011915 0.009085 0.007596 0.009693 0.007913 0.006906 0.020389 0.011631
-0.017238 -0.009693 -0.007120 -0.010127 -0.007339 -0.005896 -0.007880 -0.006187 -0.005218 -0.018836 -0.009913
2.229712 2.254752 2.262560 2.253746 2.262470 2.266682 2.260773 2.265822 2.268693 2.224121 2.251826
0.320752 0.172141 0.117367 0.197632 0.135185 0.102676 0.205177 0.156692 0.126687 0.316718 0.170566
0.002671 0.000786 0.000393 0.000941 0.000463 0.000283 0.000755 0.000451 0.000307 0.002983 0.000830
0.013996 0.007724 0.005351 0.007686 0.005319 0.004065 0.005460 0.004152 0.003347 0.013977 0.007825
0.229840 0.122631 0.084413 0.128649 0.087878 0.066965 0.097569 0.073578 0.059210 0.236418 0.125518
0.044124 0.023010 0.016082 0.024285 0.016615 0.012784 0.018481 0.014019 0.011409 0.049711 0.025608
0.011838 0.004469 0.002817 0.004378 0.002638 0.001906 0.002722 0.001904 0.001480 0.014638 0.005344
0.006909 0.002990 0.002134 0.002734 0.001824 0.001408 0.001770 0.001263 0.001033 0.010736 0.004488
0.001267 0.000357 0.000197 0.000320 0.000166 0.000106 0.000154 0.000097 0.000067 0.003242 0.000908
1.598315 1.920644 2.033806 1.887121 2.012382 2.076489 1.928685 2.013666 2.065153 1.575698 1.910739
0.001048 0.002519 0.004017 0.001498 0.002256 0.003006 0.001639 0.002130 0.002619 0.001125 0.002540
0.675510 0.859817 0.913371 0.848696 0.919740 0.951810 0.859051 0.911405 0.940293 0.622122 0.814597
0.020565 0.017248 0.016220 0.014585 0.012924 0.012076 0.011682 0.010608 0.009957 0.022378 0.017598
0.002899 0.003565 0.003777 0.003524 0.003780 0.003895 0.003718 0.003871 0.003949 0.002715 0.003457
0.633245 0.746058 0.784000 0.741864 0.783682 0.804499 0.775309 0.799724 0.813877 0.615119 0.734940
0.058943 0.069043 0.072412 0.068783 0.072485 0.074328 0.071776 0.073926 0.075158 0.057283 0.068008
0.040292 0.045236 0.048419 0.042889 0.045290 0.047009 0.043203 0.044769 0.046068 0.045088 0.050380
0.056282 0.049265 0.048059 0.047986 0.045452 0.044598 0.044849 0.043368 0.042872 0.065128 0.056414
0.009853 0.008534 0.008299 0.008339 0.007867 0.007703 0.007774 0.007500 0.007403 0.011412 0.009776
0.000613 0.000582 0.000634 0.000527 0.000543 0.000565 0.000506 0.000493 0.000510 0.000913 0.000849
0.000625 0.000392 0.000330 0.000351 0.000282 0.000246 0.000254 0.000209 0.000191 0.001505 0.000957
0.030505 0.036057 0.038061 0.035754 0.037857 0.038944 0.037353 0.038592 0.039337 0.029989 0.035872
0.012152 0.013739 0.014321 0.013667 0.014263 0.014576 0.014123 0.014474 0.014689 0.012075 0.013735
0.047717 0.046668 0.044617 0.046219 0.044777 0.043637 0.042374 0.042065 0.041800 0.081200 0.080546
0.007951 0.021948 0.037337 0.012631 0.021010 0.029565 0.014576 0.020603 0.02657S 0.007569 0.021162
0 0 0 0 0 0 0 0 0 0 01.598200 1.920671 2.033874 1.887313 2.012208 2.076457 1.928187 2.013737 2065298 1.575621 1.910831
1.087118 1.106922 1.102656 1.117624 1.121295 1.118710 1.129668 1.129854 1.127281 1.042383 1.06820S
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Table 5.1: (continued)
Burnup, mwd/t
Volume moderator/volume fuel
Rod diameter, inches
Average specific power, kw/kg fissile
Absorption ratio, sircaloy/fissile
Reprocessing loss, 'a
Total power, MW(th)
Production of fast neutrons from
Resonance fission of U233
Resonance fission of U235
Thermal fission of U233
Thermal fission of U235
Total (qj)
Net fast leakage out of
Core
Blanket
Neutrons reaching resonance energy
Resonance absorptions
Th232, Core
Th232, Blanket
Pa233
U233
U234
U235
U236
Np237
Net production of thermal neutrons
Overall thermal leakage from reactor
Thermal absorptions
Th232, Core
Th232, Blanket
P&233
U233 fission
U233 capture
U234
U235 fission
U235 capture
U236
Np237
Xe135
"Sm" group
Nonsaturating fission products
D,0
Zircaloy
Total consumption of thermal neutrons
Conversion ratio
20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000
30 10 20 30 40 30 40 so 30 40 so
2 1 1 1 1 1/4 1/4 1/4 1/10 1/10 1/10
1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
8333 8333 8333 8333 8333 8333 8333 8333 8333 8333 8333
0.184556 0.536601 0.281828 0.192209 0.146318 0.213692 0.161135 0.129574 0.229577 0.170898 0.136441
0.005292 0.023830 0.008201 0.004900 0.003523 0.005024 0.003521 0.002741 0.005305 0.003638 0.002802
1.938607 1.504969 1.830314 1.939985 1.994436 1.919169 1.982129 2.018415 1.902584 1.972764 2.012297
0.133367 0.156973 0.132404 0.124946 0.122212 0.122576 0.118853 0.117803 0.121645 0.117598 0.116540
2.261822 2.222373 2.252747 2.262040 2.266489 2.260461 2.265638 2.268533 2.259111 2.264898 2.268080
0.008861 0.021325 0.011931 0.008645 0.007380 0.009089 0.007158 0.006309 0.009699 0.007604 0.006429
-0.007184 -0.019792 -0.010169 -0.007024 -0.005754 -0.007434 -0.005642 -0.004800 -0.008012 -0.006018 -0.004925
2.260145 2.220840 2.250985 2.260419 2.264863 2.258806 2.264122 2.267024 2.257424 2.263312 2.266576
0.116342 0.360145 0.195894 0.134093 0.101863 0.203587 0.155490 0.125719 0.279431 0.214677 0.174172
0.000411 0.003565 0.000970 0.000458 0.000285 0.000713 0.000412 0.000284 0.001057 0.000607 0.000402
0.005438 0.014155 0.007848 0.005506 0.004182 0.005705 0.004385 0.003518 0.005954 0.004522 0.003639
0.086246 0.251441 0.131792 0.089831 0.068364 0.099908 0.075307 0.060543 0.107379 0.079893 0.063766
0.017825 0.053879 0.027143 0.018499 0.014179 0.020697 0.015762 0.012818 0.021949 0.016534 0.013400
0.003341 0.015173 0.005190 0.003095 0.002222 0.003177 0.002224 0.001729 0.003360 0.002300 0.001770
0.003235 0.010624 0.004027 0.002601 0.002005 0.002449 0.001820 0.001508 0.002465 0.001813 0.001482
0.000512 0.003141 0.000800 0.000406 0.000263 0.000370 0.000234 0.000170 0.000362 0.000227 0.000165
2.026795 1.508717 1.877321 2.005930 2.071500 1.922200 2.008488 2.060735 1.835467 1.942739 2.007780
0.004004 0.000700 0.001472 0.002110 0.002879 0.001506 0.001886 0.002359 0.001419 0.001829 0.002213
0.870778 0.584369 0.804965 0.878979 0.912801 0.821184 0.873196 0.902551 0.749803 0.818837 0.858785
0.016306 0.020263 0.014607 0.012397 0.011762 0.010967 0.009618 0.009121 0.011000 0.009633 0.008878
0.003692 0.002650 0.003447 0.003770 0.003871 0.003740 0.003943 0.004009 0.003690 0.003907 0.004020
0.774513 0.601266 0.731248 0.775064 0.796818 0.766748 0.791901 0.806398 0.760121 0.788160 0.803954
0.071537 0.056137 0.067811 0.071692 0.073615 0.070979 0.073198 0.074477 0.070397 0.072879 0.074267
0.053895 0.041480 0.047201 0.049866 0.051668 0.047015 0.049012 0.050477 0.045752 0.047901 0.049547
0.054884 0.064598 0.054487 0.051418 0.050293 0.050443 0.048911 0.048479 0.050060 0.048394 0.047959
0.009479 0.011385 0.009472 0.008901 0.008688 0.008746 0.008459 0.008373 0.008683 0.008373 0.008284
0.000940 0.000862 0.000750 .0.000752 0.000783 0.000677 0.000688 0.000721 0.000647 0.000661 0.000689
0.000829 0.001413 0.000845 0.000667 0.000585 0.000588 0.000S09 0.000471 0.000543 0.000477 0.000442
0.037956 0.029412 0.035579 0.037804 0.038904 0.037300 0.038614 0.039368 0.036897 0.038356 0.039212
0.014334 0.011940 0.013655 0.014271 0.014592 0.014122 0.014484 0.014706 0.014006 0.014410 0.014653
0.077547 0.078210 0.079812 0.077980 0.076046 0.074165 0.074065 0.073483 0.069489 0.070575 0.070834
0.036160 0.004358 0.012105 0.020237 0.028565 0.014019 0.019857 0.025666 0.012565 0.018238 0.023876
0 0 0 0 0 0 0 0 0 0 0
2.026854 1.509043 1.877456 2.005908 2.071870 1.922199 2.008341 2.060659 1.835072 1.942630 2.007613
1.066368 1.046670 1.079349 1.085039 1.084135 1.094720 1.095308 1.093519 1.099743 1.099868 1.097692
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Table 5.1: (continued)
Burnup, mwd/t
Volume moderator/volume fuel
Rod diameter, inches
Average specific power, kw/kg fissile
Absorption ratio, zircaloy/fissile
Reprocessing loss, %
Total power, MW(th)
Production of fast neutrons from
Resonance fission of U233
Resonance fission of U235
Thermal fission of U233
Thermal fission of U235
Total ( )
Net fast leakage out of
Core
Blanket
Neutrons reaching resonance energy
Resonance absorptions
Th232, Core
Th232, Blanket
Pa233
U233
U234
U235
U236
Np237
Net production of thermal neutrons
Overall thermal leakage from reactor
Thermal absorptions
Th232, Core
Th232, Blanket
Pa233
U233 fission
U233 capture
U234
U235 fission
U235 capture
U236
Np237
Xel3S
"Sm" group
Nonsaturating fission products
D0
Zircaloy
Total consumption of thermal neutrons
Conversion ratio
20,000 30,000 30,000 30,000 30,000
60 10 20 30 20
1/10 2 2 2 1
1000 1000 1000 1000 1000
0 0 0 0 0
0 0 0 0 0
8333 8333 8333 8333 8333
30,000 30,000 30,000 30,000 30,000
30 40 30 40 50
1 1 1/4 1/4 1/4
1000 1000 1000 1000 1000
0 0 0 0 0
0 0 0 0 0
8333 8333 8333 8333 8333
0.113777 0.517454 0.274260 0.188277 0.287880 0.195780 0.148944 0.218174 0.164279 0.131995
0.002289 0.030332 0.010075 0.006251 0.009672 0.005671 0.004075 0.005805 0.004039 0.003143
2.037895 1.476428 1.809270 1.912813 1.802263 1.918365 1.974286 1.897366 1.963130 2.000280
0.116133 0.193162 0.156622 0.151782 0.149933 0.140012 0.137163 0.136881 0.132247 0.131294
2.270094 2.217376 2.250227 2.259123 2.249748 2.259828 2.264468 2.258226 2.263695 Z.266712
0.005708 0.025793 0.014144 0.010901 0.014133 0.010334 0.008493 0.010315 0.008302 0.007186
-0.004259 -0.023304 -0.011732 -0.008594 -0.011751 -0.008161 -0.006441 -0.008207 -0.006348 -0.005329
2.268645 2.214887 2.247815 2.256816 2.247366 2.257655 2.262416 2.256118 2.261741 2.264855
0.146486 0.311214 0.168748 0.115186 0.193945 0.132908 0.100990 0.201821 0.154204 0.124699
0.000293 0.003600 0.000950 0.000473 0.001090 0.000515 0.000308 0.000787 0.000464 0.000314
0.003029 0.013637 0.007669 0.005308 0.007764 0.005440 0.004191 0.005766 0.004412 0.003557
0.053164 0.242426 0.128241 0.087988 0.134631 0.091502 0.069592 0.102008 0.076778 0.061676
0.011345 0.056112 0.028353 0.019661 0.030135 0.020322 0.015606 0.022987 0.017444 0.014241
0.001445 0.019304 0.006373 0.003947 0.006121 0.003583 0.002571 0.003671 0.002551 0.001984
0.001279 0.019009 0.007113 0.005194 0.006068 0.003818 0.002956 0.003533 0.002632 0.002184
0.000129 0.007377 0.001889 0.001090 0.001584 0.000785 0.000515 0.000709 0.000448 0.000329
2.051475 1.542208 1.898479 2.017969 1.866028 1.998782 2.065687 1.914836 2.002808 2.055871
0.002596 0.001092 0.002510 0.004027 0.001325 0,001994 0.002655 0.001299 0.001715 0.002113
0.883861 0.562761 0.770566 0.829321 0.764008 0.842557 0.877121 0.786244 0.839572 0.869387
0.008466 0.026256 0.019759 0.018402 0.016117 0.013705 0.012533 0.011687 0.010438 0.009774
0.004066 0.002462 0.003248 0.003472 0.003276 0.003605 0.003763 0.003655 0.003847 0.003938
0.814181 0.589863 0.722840 0.764208 0.720041 0.766426 0.788768 0.758037 0.784311 0.799153
0.075171 0.054965 0.066920 0.070604 0.066775 0.070895 0.072871 0.070187 0.072523 0.073825
0.050912 0.050811 0.056141 0.060010 0.051840 0.054394 0.056595 0.050902 0.053038 0.054936
0.047791 0.079490 0.064453 0.062462 0.061701 0.057618 0.056446 0.056330 0.054423 0.054030
0.008247 0.013951 0.011172 0.010790 0.010730 0.009978 0.009752 0.009768 0.009414 0.009332
0.000721 0.001579 0.001325 0.001497 0.001101 0.001082 0.001133 0.000947 0.000968 0.001018
0.000421 0.003202 0.001916 0.001705 0.001609 0.001252 0.001112 0.001087 0.000946 0.000880
0.039761 0.029420 0.035663 0.037806 0.035401 0.037702 0.038881 0.037242 0.038582 0.039374
0.014814 0.012016 0.013736 0.014353 0.013651 0.014283 0.014613 0.014126 0.014496 0.014725
0.071039 0.107543 0.107995 0.104046 0.107193 0.104353 0.102346 0.099756 0.099148 0.098392
0.029470 0.007278 0.020698 0.035521 0.011699 0.019683 0.027828 0.013539 0.019253 0.024925
0 0 0 0 0 0 0 0 0 0
2.051517 1.542689 1.898942 2.018224 1.866467 1.999527 2.066417 1.914806 2.002674 2.055802
1.094226 0.994172 1.033136 1.034017 1.045654 1.054613 1.054450 1.065039 1.067035 1.065925
j1"
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Table 5.2: Masses and Mass Fractions of Fuel Materials in Reactor Cores and Core Dimensions for the Cases Involving the Primary Variables
Average specific power
Volume zircaloy/volume fuel
Total power
Reprocessing loss
Burnup, mwd/t
Volume moderator/volume fuel
Rod diameter, inches
Masaes (kg)
Th232 x 10-3
Pa233
U233
U234
U235
U236
Np237
Mass fractions
Th232
Pa233 x 1 4
U233 x 103
U234 x 103
U235 x 103
U236 x 103
Np237 x 105
Core radius, feet
Core height, feet
Burnup, mwd/t
Volume moderator/volume fuel
Rod diameter, inches
Masses 1kf
Pa233
U233
U234
U235
U236
Np237
Mass fractions
Th232 4Pa233 x I
U233 x 103
U234 x 103
14235 x 103
U236 x 105
Np237 x 10
Core radius, feet
Core height, feet
1000 kw/kg fissile
0
8333 MW(th)
10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000
10 20 30 20 30 40 30 40 50 10 20 30 10 20 30 40
2 2 2 1 1 1 1/4 1/4 1/4 2 2 2 1 1 1 1
575.55 631.97 640.49 629.48 648.68 654.97 613.33 632.24 641.37 538.12 603.38 614.50 518
372 385 385 390 393 393 396 398 397 358 375 376 361
7688 7847 7881 7854 7902 7922 7906 7930 7940 7574 7774 7817 7563
2525 2427 2474 2326 2329 2356 2252 2263 2288 2870 2721 2767 2715
645 485 451 477 429 410 429 402 391 758 559 517 772
657 539 560 492 482 490 455 431 438 994 791 835 960
21.6 11.5 9.16 10.5 7.93 6.72 7.28 5.80 5.18 53.6 28.6 23.4 51.7
602.25 624.51 632
382 386 386
7789 7846 7868
2578 2576 2599
545 487 464
706 672 682
25.7 19.0 16.2
0.9797 0.9818 0.9820 0.9820 0.9825 0.9827 0.9817 0.9822 0.9825 0.9771 0.9801 0.9803 0.9775 0.9804 0.9812 0.9815
6.33 5.98 5.90 6.08 5.95 5.90 6.34 6.18 6.08 6.50 6.10 6.00 6.81 6.22 6.06 5.99
1.31 1.22 1.21 1.23 1.20 1.19 1.27 1.23 1.22 1.37 1.26 1.25 1.43 1.27 1.23 1.22
4.30 3.77 3.79 3.63 3.53 3.53 3.60 3.52 3.50 5.21 4.42 4.41 5.12 4.20 4.04 4.04
11.0 7.53 6.91 7.44 6.50 6.15 6.87 6.25 5.99 13.8 9.09 8.25 14.6 8.88 7.65 7.21
1.12 0.837 0.859 0.768 0.730 0.735 0.728 0.670 0.671 1.80 1.29 1.33 1.81 1.15 1.06 1.06
3.68 1.79 1.40 1.64 1.20 1.01 1.17 0.901 0.793 9.740 4.651 3.736 9.751 4.176 2.984 2.519
16.97 21.70 24.82 21.67 24.92 27.45 24.47 27.13 29.31 16.64 21.42 24.54 16.43 21.41 24.66 27.18
31.31 40.04 45.79 39.98 45.98 50.65 45.15 50.05 54.08 30.70 39.52 45.28 30.31 39.50 45.50 50.15
20,000 20,000 20,000 20,000 20,000 20,000 20,000 30,000 30,000 30,000 30,000 30,000 30,000 30,000 30,000 30,000
30 40 50 30 40 50 60 10 20 30 20 30 40 30 40 50
1/4 1/4 1/4 1/10 1/10 1/10 1/10 2 2 2 1 1 1 1/4 1/4 1/4
590 610
390.1 392
7848 7878
2461 2486
484.2 455
611.2 603
16.99 14.2
619
391
7888
2515
443
622
12.9
543.87 575.16 592.09 601.94 494.15 572.98 586.69 574.47 600.75 609.32 568.13 588.88 599.08391 393 393 392 336 360 361 367 373 374 378 380 3807846 7879 7892 7899 7389 7689 7744 7714 7786 7812 7788 7823 78352417 2443 2477 2514 3292 3048 3094 2848 2823 2857 2677 2702 2748485 453 440 433 947 642 591 621 549 523 543 509 496589 582 596 617 1747 1242 1335 1041 970 990 860 853 88215.9 13.3 12.1 11.4 117.0 58.0 48.9 49.4 36.2 31.2 31.8 26.7 24.4
0.9804 0.9809 0.9811 0.9789 0.9800 0.9804 0.9807 9.9728 0.9777 0.9781 0.9785 0.9795 0.9797 0.9788 0.9795 0.97986.482 6.30 6.20 7.03 6.70 6.51 6.39 6.61 6.14 6.02 6.25 6.08 6.01 6.51 6.32 6.21
1.304 1.27 1.25 1.41 1.34 1.31 1.29 1.45 1.31 1.29 1.31 1.27 1.26 1.34 1.30 1.284.089 4.00 3.99 4.35 4.16 4.10 4.10 6.48 5.20 5.16 4.85 4.60 4.59 4.61 4.49 4.498.046 7.32 7.02 8.73 7.72 7.29 7.05 18.6 11.0 9.85 10.6 8.95 8.41 9.36 8.47 8.11
1.016 0.970 0.986 1.06 0.992 0.987 1.01 3.44 2.12 2.23 1.77 1.58 1.59 1.48 1.42 1.44
2.823 2.276 2.040 2.858 2.273 2.002 1.852 23.0 9.90 8.15 8.41 5.90 5.02 5.48 4.44 3.99
24.22 26.87 29.04 23.57 26.35 28.61 30.53
44.69 49.58 53.58 43.49 48.62 52.79 56.33
16.22 21.11 24.22 21.12 24.40 26.91 23.96 26.61 28.78
29.93 38.95 44.69 38.97 45.02 49.65 44.21 49.10 53.10
U,
H
Burnup, mwd/t
Volume moderator/volume fuel
Rod diameter, inches
Average specific power, kw/kg fissile
Absorption ratio, zircaloy/fissile
Reprocessing loss, 4
Total power, MW(th)
Fuel flow rates, kg/day
Input
Core
Th232
U233
U234
U235
U236
Blanket
Th232
Output
Core
Th232
Pa233
U233
U234
U235
U236
Np237
Blanket
Th232
Pa233
U233
S Fissile material consumed in
reactor, atoms/day (x 10-25)
0, Output from reactor of Pa233, U233
and U235, atoms/day (x 10-25)
OR/SR
Table 5.3: Fuel Flow Rates and Fissile Consumption Rates for the Cases Involving the Primary Variables
10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 20,000 20,000 20,000 20,000
10 20 30 20 30 40 30 40 50 10 20 30 10
2 2 2 1 1 1 1/4 1/4 1/4 2 2 2 1
1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
8333 8333 8333 8333 8333 8333 8333 8333 8333 8333 8333 8333 8333
817.09 818.93 819.01 819.12 819.60 819.69 818.97 819.43 819.63 407.47 408.92 409.01 407.30
11.049 10.134 10.050 10.121 9.8417 9.7742 10.397 10.092 9.9619 5.8393 5.1614 5.0905 6.0235
3.4387 2.9802 3.0022 2.8547 2.7674 2.7744 2.8255 2.7512 2.7434 2.0766 1.7152 1.7140 2.0340
0.87819 0.59497 0.54672 0.58514 0.50942 0.48301 0.53805 0.48889 0,46857 0.54938 0.35212 0.32040 0.57861
0.89534 0.66188 0.68011 0.60395 0.57459 0.57783 0.57243 0.52351 0.52487 0.71956 0.49933 0.51774 0.71924
12,679 10,488 9804.1 9104.6 8076.7 7532.6 7396.1 6713.9 6342.6 12,643 9294.8 8600.5 11,733
20,000 20,000 20,000
20 30 40
1 1 1
1000 1000 1000
0 0 0
0 0 0
8333 8333 8333
409.16 409.50 409.57
5.1061 4.9017 4.8485
1.6119 1.5432 1.5380
0.34031 0.29136 0.27458
0.44203 0.40302 0.40420
7889.6 6549.8 6223.3
807.27 808.87 809.00 808.92 809.36 809.47 808.62 809.07 809.30 398.19 399.30 399.41 397.95 399.38 399.65 399.72
0.30771 0.26523 0.25343 0.28296 0.26721 0.26029 0.30145 0.28569 0.27812 0.11816 0.089180 0.083104 0.12901 0.093747 0.082258 0.080783
11.310 10.682 10.585 10.777 10.568 10.495 11.174 10.906 10.768 5.8562 5.5191 5.4551 6.0847 5.5895 5.4768 5.4293
3.6911 3.2754 3.2898 3.1660 3.0858 3.0898 3.1544 3.0828 3.0717 2.2170 1.9283 1.9250 2.1819 1.8488 1.7954 1.7903
0.94253 0.65399 0.59913 0.64902 0.56793 0.53786 0.60047 0.54800 0.52469 0.58561 0.39618 0.35998 0.62076 0.39171 0.34016 0.32023
0.96079 0.72664 0.74451 0.66957 0.63804 0.64091 0.63625 0.58675 0.58770 0.76936 0.56205 0.58181 0.77255 0.50680 0.46863 0.47012
0.056697 0.028111 0.022239 0.025793 0.019052 0.016051 0.018550 0.014402 0.012710 0.069659 0.034631 0.028160 0.070088 0.031254 0.022665 0.019241
12,679 10,488 9803.9 9104.5 8076.6 7532.5 7396.0 6713.7 6342.5 12,643 9294.7 8600.4 11,733 7889.5 6549.6 6223.1
0.089699 0.068368 0.063656 0.057146 0.049113 0.045492 0.045271 0.040077 0.037323 0.080676 0.054737 0.050148 0.075227 0.044980 0.036118 0.034244
0.13692 0.10525 0.095502 0.092407 0.079180 0.072632 0.074037 0.065659 0.060584 0.16548 0.12180 0.10925 0.15647 0.10435 0.086485 0.080322
2.5680 2.5394 2.5307 2.5403 2.5305 2.5265 2.5337 2.5275 2.5239 2.5737 2.5427 2.5338 2.5784 2.5441 2.5335 2.5282
3.3044 3.0433 2.9974 3.0650 2.9806 2.9496 3.1522 3.0618 3.0162 1.7587 1.5974 1,5656 1.8258 1.0686 1.5564 1.5365
1.2868 1.1984 1.1844 1.2065 1.1779 1.1675 1.2441 1.2114 1.1951 0.68333 0.62824 0.61788 0.70813 0.63231 0.61434 0.60777
U,
Table 5.3: (continued)
Burnup, mwd/t
Volume moderator/volume fuel
Rod diameter, inches
Average specific power, kw/kg fissile
Absorption ratio, zircaloy/fissile
Reprocessing loss, 4
Total power, MW(th)
Fuel flow rates, kg/day
Input
Core
Th232
U233
U234
U235
U236
Blanket
Th232
Output
Core
Th232
Pa233
U233
U234
U235
U236
Np237
Blanket
Th232
Pa233
U233
SRI Fissile material consumed in
reactor, atoms/day (x 10-25)
OR, Output from reactor of P&233, U233
and U235, atoms/day (x 10-25)
OR/ SR
20,000 20,000 20,000 20,000 20,000 20,000 20,000 30,000 30,000 30,000 30,000 30,000 30,000 30,000 30,000 30,000
30 40 50 30 40 50 60 10 20 30 20 30 40 30 40 50
1/4 1/4 1/4 1/10 1/10 1/10 1/10 2 2 2 1 1 1 1/4 1/4 1/4
1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
8333 8333 8333 8333 8333 8333 8333 8333 8333 8333 8333 8333 8333 8333 8333 8333
409.26 409.53 409.60 408.66 409.12 409.30 409.36 270.20 271.90 272.00 272.22 272.61 272.67 272.49 272.71 272.77
5.1467 4.9742 4.9002 5.6038 5.2840 5.1326 5.0604 4.3248 3.6605 3.5830 3.5697 3.3640 3.3167 3.5060 3.3667 3.3089
1.5507 1.5129 1.5078 1.6S66 1.5777 1.5543 1.5541 1.7671 1.3S93 1.3455 1.2471 1.1653 1.1625 1.1582 1.1224 1.1246
0.30563 0.27664 0.26701 0.33297 0.29229 0.27708 0.26816 0.54848 0.28699 0.25685 0.27217 0.22728 0.21317 0.23618 0.21160 0.20344
0.38580 0.36745 0.37335 0.40484 0.37693 0.37459 0.38175 0.93676 0.55488 0.58167 0.45705 0.40173 0.40352 0.37327 0.35570 0.36152
6049.6 5310.8 4997.8 6159.6 5380.9 4917.4 4660.4 15,643 10,437 9492.5 8282.9 6649.2 5939.2 5493.1 4747.2 4312.2
399.28 399.54 399.63 398.63 399.08 399.28 399.37 261.52 262.71 262.79 262.84 263.10 263.15 262.86 263.04 263.11
0.092724 0.084181 0.081438 0.10868 0.095050 0.087935 0.084619 0.075750 0.050634 0.046516 0.050272 0.042222 0.038982 0.043852 0.038861 0.036733
5.8132 5.6695 5.5908 6.2939 6.0097 5.8559 5.7611 3.9575 3.7125 3.6634 3.7701 3.6899 3.6580 3.9365 3.8351 3.7789
1.8190 1.7846 1.7771 1.9324 1.8574 1.8311 1.8254 1.7672 1.4787 1.4688 1.4007 1.3479 1.3466 1.3612 1.3334 1.3317
0.35836 0.32760 0.31332 0.38819 0.34511 0.32556 0.31503 0.48997 0.31172 0.28126 0.30611 0.26224 0.24699 0.27690 0.25196 0.24114
0.45248 0.43394 0.43993 0.47173 0.44320 0.44103 0.44832 0.93896 0.60437 0.63604 0.51396 0.46451 0.46847 0.43851 0.42211 0.42898
0.0215S8 0.017507 0.015723 0.021952 0.017556 0.015499 0.0143S9 0.10142 0.046295 0.038793 0.039762 0.028503 0.024463 0.026757 0.021934 0.019795
6049.5 5310.6 4997.7 S159.5 5380.9 4917.3 4660.3 15,643 10,436 9492.2 8282.7 6649.0 5939.1 5493.0 4747.1 4312.1
0.037364 0.031403 0.029330 0.039797 0.032800 0.029213 0.027429 0.13778 0.081982 0.073916 0.062263 0.047630 0.041783 0.038766 0.032135 0.028930
0.074924 0.06473S 0.060628 0.076097 0.065337 0.0S9559 0.056248 0.15727 0.11967 0.10917 0.10545 0.090311 0.082504 0.08226S 0.073374 0.068544
2.5349 2.S292 2.5257 2.S360 2.5299 2.5263 2.S243 2.5824 2.5448 2.S362 2.5469 2.53S7 2.5307 2.S368 2.S305 2.5272
1.6481 1.5967 1.5703 1.78S1 1.6924 1.6434 1.6140 1.2448 1.10S1 1.0788 1.1097 1.0680 1.0S14 1.1315 1.0936 1.0737
0.6S016 0.63129 0.62174 0.70389 0.66898 0.65051 0.63939 0.48206 0.43427 0.4253S 0.43572 0.42118 0.41548 0.44606 0.43218 0.42486
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Figure 5.7: Absorptions by Fertile Nuclides vs. Volume of Moderator/Volume of
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~~i~41Th44~ 44~
0.04
0.03
0.02
0.01
0
Vt tT, ittfttftffttftftff##fttt11#! t ##+14# i i i i i i M i ii i i i i i fl
-4-
1!:!
T-7 ffifff -
10 SC 6 0
U234(th
161
2.1
2.0
1.9
1.8
1.7
1.6
1.5
2.1
2.0
1.9
1.8
1.7
1.6
1.5
2.1
1.9
1.8
1.7
1.6
1.5
Volume of Moderator/Volume of Fuel
Figure 5.8: Number of Neutrons Slowed Down to Thermal Energy/Absorption in a
Fissile Nucleus vs. Volume of Moderator/Volume of Fuel: 10,000
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Figure 5.9: Masses of Th232 and Pa233 in Reactor Cores vs, Volume of Moderator/
Volume of Fuel: 20,000 mwd/t Burnup
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Figure 5.11: Mass Fractions of Th232 and U233 in Reactor Cores vs. Volume of
Moderator/Volume of Fuel: 20,000 mwd/t Burnup f
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CHAPTER VI
EFFECT OF THE SECONDARY VARIABLES ON THE CONVERSION RATIO
A. Introduction
In this chapter the effects of the four secondary variables on the
conversion ratio at the three feed burnups are discussed. The secondary
variables are absorption in zircaloy/absorption in a fissile nucleus
(determined by the variable, volume of zircaloy/volume of fuel), average
specific power in the core (kw/kg fissile), reprocessing loss and total
power in the core. Throughout this chapter, the remaining two primary
variables are held constant at the following values:
Volume of moderator/volume of fuel 30
Fuel rod diameter 1/4 inch
This combination of volume of moderator/volume of fuel and fuel rod diam-
eter was selected because it gave very nearly the highest conversion
ratio for each feed burnup as is shown in figures 5.1, 5.13 and 5.14.
The values if absorption in zircaloy/absorption in a fissile nucleus
ranged from zero to about 0.11. This upper limit is a bit high for
zircaloy cladding but is a reasonable value for the ratio of absorptions
in cladding to absorptions in fissile material when stainless steel is
used for cladding. The values of the average specific power ranged from
1000 kw/kg fissile to 12,000 kw/kg fissile. This lower limit approximates
the average specific power of today's light water reactors while the
upper limit is about 50% above the values suggested by the Savannah River
Laboratory for advanced heavy water reactors (Bl,B2). The values of
reprocessing loss ranged from zero to 4% of the reactor fuel discharge.
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The values of the total thermal power ranged from 8333 MW to 500 MW.
The absorption in zircaloy/absorption in a fissile nucleus affects
the conversion ratio primarily by absorbing thermal neutrons which would
otherwise have been absorbed in thorium. The average specific power in
the core affects the conversion ratio primarily through increased absorp-
tions of resonance and thermal neutrons by nuclei of Pa233 which would
otherwise decay to U233. The increase in the reprocessing loss affects
the conversion ratio primarily by increasing the fissile sink as shown
in equation (4E1). The primary effect of the change in total power is
through changes in the size of the core, which changes the net leakages
out of the core and into the blanket.
There is a basic difference between the interpretations of the
results for the secondary variables and the results for the primary vari-
ables. When the effects of the primary variables were studied, a feed
burnup and fuel rod diameter were selected, the moderator ratio was
increased and, as a result, the conversion ratio changed. That is, the
change in the conversion ratio was looked upon, for the most part, as
the effect of changing the primary variables. However, when one increases
the absorption in zircaloy/absorption in a fissile nucleus or the average
specific power of the core, one deliberately decreases the conversion
ratio. Therefore, this deliberate decrease in the conversion ratio can
be looked upon as a cause of other changes in the system.
When either the absorption in zircaloy/absorption in a fissile
nucleus or the average specific power in the core is increased, the
increased absorptions by zircaloy or Pa233 reduce the number of thermal
neutrons which are available for absorption by the fissile nuclides. In
order to maintain criticality, the number of resonance neutrons absorbed
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by the fissile nuclides must increase. In other words, an increase of
these two secondary variables causes the neutron spectrum to become more
epithermal.
All of the neutron balance results are contained in table 6.1. The
internal conversion ratios were calculated with equation (4E2a). The con-
version ratios with reprocessing loss were calculated with equation (4E1).
The masses and compositions of reactor inventories are given in table 6.2.
The input and output flow rates of the fuel nuclides and the fissile
nuclide consumption rates are listed in table 6.3. Selected results from
these tables are plotted with the secondary variables as abscissa and
feed burnup as a parameter.
B. Absorption in zircaloy per absorption in a fissile nucleus
1. Burnup of 20,000 mwd/tonne of metal feed
a. Conversion ratio and its components
The variable "absorption in zircaloy/absorption in a fissile nucleus"
will hereafter be referred to as "zircaloy absorption ratio." The con-
version ratio and its components are plotted in figure 6.1 as a function
of the zircaloy absorption ratio for a feed burnup of 20,000 mwd/t. The
other secondary variables are held constant at the following values:
Average specific power 1000 kw/kg fissile
Reprocessing loss 0
Total power 8333 MW(th)
A value of the conversion ratio for a given abscissa is obtained by sub-
tracting from (i-1) the sum of D2 0 absorption, 2 x Pa233 absorption,
leakage and parasitic absorptions other than by zircaloy, and the abscissa
itself.
The conversion ratio has a value of 1.0 at a zircaloy absorption
ratio of about 0.083. The conversion ratio curve and the curves of its
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components have discontinuous slopes at this point because when the con-
version ratio falls below 1.0, fresh U235 is added to the reactor dis-
charge fuel to make the new core feed. In other words, a change in the
fuel cycle flow sheet occurs at this point.
The curve of (j -1) in figure 6.1 decreases with increasing zircaloy
absorption ratio because as the conversion ratio decreases, an increasing
fraction of the core discharge is recycled into the core feed and, there-
fore, the concentration in the feed of U235, with its lower value of r)
increases. Also as the zircaloy absorption ratio increases, the neutron
spectrum becomes more epithermal and this causes 6 to decrease further.
The curve of (r) -1) decreases more rapidly as the conversion ratio falls
below 1.0 because fresh U235 is added to the feed.
The ( q-1) curves are related to the curves of the neutrons slowed
down to thermal energy per absorption in a fissile nucleus. These curves
are shown in figure 6.6 for the three burnups. They decrease with
increasing zircaloy absorption ratio just as the curves of (?j -1) do.
However, after dropping below a conversion ratio of 1.0, the curve of
neutrons slowed down to thermal energy per absorption in a fissile nucleus
decreases at a slower rate with increasing zircaloy absorption ratio for
20,000 mwd/t although the curves of (j -1) decrease at a faster rate.
This is because of the decrease in the rate of increase in resonance
absorption with increasing zircaloy absorption ratio of U236 and Np237 as
shown in figure 6.2 and U234 as shown in figure 6.5.
The behavior of the curve of leakage and parasitic absorptions other
than by zircaloy in figure 6.1 is due primarily to the behavior of the
curves of absorptions by U236 and Np237 shown in figure 6.2. As the
zircaloy absorption ratio increases toward 0.083, an increasing fraction
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of the core discharge is recycled into the core feed. Therefore the
concentration of U236 in the core increases rapidly. When the zircaloy
absorption ratio increases above 0.083 and the conversion ratio drops
below 1.0, 100% of the core discharge is recycled into the feed. Further
increases in the concentration of U236 in the core and, therefore,
increases in absorption by U236 are due primarily to captures by U235
whose concentration in the core increases rapidly as the conversion ratio
decreases below 1.0. Since Np237 is the ( n, ~,Y) daughter of U236, the
shapes of its absorption curves are similar to those of U236.
The curve of 2 x Pa233 absorption of figure 6.1 decreases with
increasing zircaloy absorption ratio for reasons made clearer in figure
6.2. The Pa233 thermal absorption decreases because of the decrease in
the number of neutrons slowed down to thermal energy per absorption in a
fissile nucleus as shown in figure 6.6 and the increased competition for
the thermal neutrons caused by the added zircaloy. The resonance absorption
decreases because Pa233 loses out in the competition for resonance
neutrons with the other resonance absorbers.
The absorption by D 20 shown in figure 6.1 decreases with increasing
zircaloy absorption ratio because of the decrease in the number of
neutrons slowed down to thermal energy per absorption in a fissile
nucleus and the increased competition for the thermal neutrons caused by
the added zircaloy.
As previously stated, the conversion ratio is given by the following
equation:
Conversion ratio =[(-) - (D 20 absorptions) - (2 x Pa233 absorption)
- (leakage and parasitic absorptions other than by zircaloy)] - [zircaloy
absorption ratio]
(6M1)
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If the only effect of the addition of zircaloy to the reactor system was
to absorb thermal neutrons which would have otherwise have been absorbed
in thorium, all of the curves in figure 6.1 other than the conversion
ratio curve would be horizontal lines and the conversion ratio curve
would have a slope of -1. The deviation of the conversion ratio curve
from a 45* line at any value of zircaloy absorption ratio is therefore a
measure of the deviation of the other curves from horizontal lines.
b. Parasitic absorptions plus leakage
In general the fast and thermal leakages in table 6.1 increase with
increasing zircaloy absorption ratio because of increased fast and thermal
flux gradients. This is true for the thermal leakage despite the fact
that the thermal diffusion length decreases.
The absorption by the "Sm" group is shown in figure 6.2. It increases
with increasing zircaloy absorption ratio despite the decrease in the
number of neutrons slowed down to thermal energy per absorption in a
fissile nucleus as shown in figure 6.6. This is because the fission yield
of the "Sm" group is about 50% higher for U235 than for U233. The absorp-
tion by Xe135 shown in figure 6.2 decreases with increasing zircaloy
absorption ratio because of the decrease in the number of neutrons slowed
down to thermal energy per absorption in a fissile nucleus. The absorption
by nonsaturating fission products shown in figure 6.3 decreases with
increasing absorption ratio for the same reason as that given for Xel3S
plus the fact that the nonsaturating fission products lose out to the added
zircaloy in the competition for thermal neutrons.
c. Fissile absorptions
The absorptions by U233 and U235 are shown in figure 6.4. The thermal
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absorptions by U233 decrease with increasing zircaloy absorption ratio
because of the decrease in the number of neutrons slowed down to thermal
energy per absorption in a fissile nucleus and the increased competition
for thermal neutrons by other absorbers, notably U234, U235 and zircaloy.
The decrease in U233 thermal absorption is more rapid after the conversion
ratio drops below 1.0 because of the feeding of fresh U235 into the core.
The U233 resonance absorption initially increases with increasing
zircaloy absorption ratio because of the increasing epithermal character
of the spectrum. After the conversion ratio drops below 1.0 and fresh
U235 is added to the feed, the U233 concentration increases less rapidly
with increasing zircaloy absorption ratio and the U233 resonance absorp-
tion decreases.
All of the U235 absorptions increase with increasing zircaloy absorp-
tion ratio because the U235 concentration in the core rapidly increases
with decreasing conversion ratio,
d. Fertile absorptions
The absorption by Th232 and U234 are shown in figure 6.5. The Th232
resonance absorption decreases with increasing zircaloy absorption ratio
because of the rapidly increasing concentration of other resonance
absorbers. The Th232 thermal absorption decreases because of the decrease
in the number of neutrons slowed down to thermal energy per absorption in
a fissile nucleus and the increased competition for thermal neutrons by
U234, U235 and the added zircaloy.
The U234 absorptions increase with increasing zircaloy absorption
ratio for conversion ratio greater than 1.0 because as the conversion
ratio decreases an increasing fraction of the core discharge is recycled
into the core feed. For conversion ratio less than 1.0, when 100% of the
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core discharge is recycled into the core feed, the U234 absorptions drop
because the U233 thermal captures and resonance absorptions drop as
shown more clearly in figure 6.11.
2. Burnups of 10,000 mwd/t and 30,000 mwd/t.
The conversion ratio and its components for 10,000 mwd/t and 30,000
mwd/t are shown in figures 6.7 and 6.8 respectively with zircaloy absorp-
tion ratio as abscissa. The other secondary variables are held constant
at the same values as for 20,000 mwd/t. The complete neutron balance
results are listed in table 6.1. The components of the neutron balance
other than those plotted in figures 6.7 and 6.8 behave in a similar
fashion to the same components for a burnup of 20,000 mwd/t.
3. Comparisons among burnups
The results of this section are plotted with zircaloy absorption
ratio as abscissa and feed burnup as a parameter. The conversion ratios
are shown in figure 6.9. The difference between conversion ratios for
different burnups and a given zircaloy absorption ratio is due primarily
to the differences in the quantities shown in figure 6.10. These quan-
tities are (rQ-1) and absorptions by nonsaturating fission products, U236
and Np237. The principal effect on conversion ratio, naturally, is from
the nonsaturating fission products, which have the greatest effect at the
highest burnup.
The absorptions by U233 are shown in figure 6.11. The thermal
absorptions decrease with increasing burnup because of the decrease in the
number of neutrons slowed down to thermal energy per absorption in a
fissile nucleus as shown in figure 6.6 and because of the increasing
reliance on U235 fissions for power production. The resonance absorptions
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by U233 increase with increasing burnup because of the increasing
epithermal character of the spectrum.
The absorptions by U235 are shown in figure 6.2. All of these
absorptions increase with increasing burnup because of the rapidly
increasing U235 concentrations in the cores with the lower conversion
ratios.
The absorptions by Th232 are shown in figure 6.13. The thermal
absorptions decrease with increasing burnup because, once again, of the
decrease in the number of neutrons slowed down to thermal energy per
absorption in a fissile nucleus. The resonance absorptions decrease with
increasing burnup because of the rapid increase with increasing burnup of
the concentrations of other resonance absorbers.
The absorptions by U234 are shown in figure 6.14. At higher burnups
and lower conversion ratios, a larger fraction of the core discharge is
recycled into the feed. This causes the U234 concentrations and absorp-
tions to increase.
4. Structural materials other than zircaloy
If neutron absorbing structural materials other than zircaloy were
present in the core, their effect on the conversion ratio could be esti-
mated approximately by finding the volume ratio of zircaloy which would
have the name thermal neutron absorption as the other sturctural material,
from equation (6B2)
Vz = V; (682)
-aZOO.
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where
V = volume ratio, zircaloy to fuel, equivalent to other
Zr
material
Vi a volume ratio, other material to fuel
Wi = ratio of average thermal flux to which other material
is exposed to thermal flux at surface of fuel
a200
Z-z, - macroscopic absorption cross section of zircaloy for
2200 m/sec neutrons, 0.00910 cm-1 (appendix B)
7_;a macroscopic absorption cross section for 2200 m/sec
neutrons of other material, e.g. 0.267 cm~I for stain-
less steel (Tl).
Using the equivalent value of volume of zircaloy/volume of fuel calculated
with equation (6B2) in table 6.1, one can arrive at the corresponding
values of the conversion ratio and the components of the neutron balance.
C. Average specific power in the core
1. Burnup of 20,000 mwd/tonne of metal feed
a. Conversion ratio and its components
The results of section VIC are plotted as a function of the average
specific power in the core. The conversion ratio and its components are
plotted in figures 6.15 and 6.16 for a feed burnup of 20,000 mwd/t. The
other secondary variables are held constant at the following values:
Zircaloy absorption ratio 0
Reprocessing loss 0
Total power 8333 MW(th)
A value of the conversion ratio for a given abscissa is obtained by sub -
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tracting from ( j-1) the sum of D 20 absorption, 2 x Pa233 absorption and
parasitic absorptions plus leakage.
The principal effect on conversion ratio of increasing the specific
power is to increase neutron absorption by Pa233. This increased absorp-
tion is a consequence of the higher flux which accompanies higher specific
power, which increases the fraction of Pa233 which absorbs neutrons and
decreases the fraction which decays to -U233.
A comparison of the effects on the conversion ratio of the absorption
of a neutron by zircaloy and by Pa233 is instructive. When a neutron is
absorbed by zircaloy, the primary effect is to remove a neutron which
would otherwise have been absorbed by Th232. When a neutron is absorbed
by Pa233, that neutron is prevented from being absorbed by Th232 and the
Pa233 nucleus is prevented from decaying to U233. Thus, absorption of
a neutron by Pa233 in itself has twice the effect on conversion ratio of
absorption of a neutron by zircaloy. But that is not all. In addition,
the neutron absorbed by Pa233 produces a U234 nucleus which competes with
the Th232 nuclei for the neutrons available for absorption in fertile
material. Since of the U235 produced by neutron absorption in U234
is less than of the U233 eventually produced by the neutron absorption
in Th232, an incremental increase in 2 x Pa233 absorption is more effective
in lowering the conversion ratio than an incremental increase in the
zircaloy absorption ratio. This effect is seen in figure 6.16A which
shows a plot of the conversion ratio versus the zircaloy absorption ratio
from section VIB and a plot of the conversion ratio versus (2 x Pa233
absorption - 0.019)* from this section.
*0.019 is 2 x Pa233 absorptions at the standard specific power of 1000 kw/kg.
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The conversion ratio has a value of 1.0 at in average specific
power of about 6250 kw/kg fissile as shown in figure 6.15. As in the
case of the results for the zircaloy absorption ratio, the conversion
ratio curve and the curves of its components have discontinuous slopes
at the point where the conversion ratio equals 1.0 because U235 makeup
feed is started at this point.
The curve of (i -1) shown in figure 6.16 decreases rapidly with
increasing specific power because of the rapid buildup of U235, as indi-
cated previously. The curves of neutrons slowed down to thermal energy
per absorption in a fissile nucleus are shown in figure 6.22 for all
three feed burnups. The curve for 20,000 mwd/t decreases less rapidly
with increasing specific power after the conversion ratio drops below 1.0.
This is because of the less rapid increase with increasing specific
power in the resonance neutrons absorbed by several of the nuclides,
notably U236 and Np237 as shown in figure 6.17 and U234 as shown in
figure 6.21.
The shape of the curve of parasitic absorptions plus leakage shown
in figure 6.16 is determined by the U236 and Np237 absorption curves
shown in figure 6.17.
The D20 absorption curve shown in figure 6.16 decreases with
increasing specific power because of the decrease in the number of neutrons
slowed down to thermal energy per absorption in a fissile nucleus and the
increased competition for thermal neutrons by other nuclides.
The absorptions by Pa233 shown in figure 6.16 increase with increasing
specific power for two reasons. The first is that as the fast and thermal
fluxes increase, the Pa233 branching ratio shifts from # decay to
neutron absorption. The second reason is that the Pa233 concentration in
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the core increases with increasing specific power because of the increasing
Th232 absorption rate. The Pa233 resonance and thermal absorptions are
shown in figure 6.17. The second derivatives of the Pa233 absorption
curves are negative because as the specific power increases, the conver-
sion ratio decreases and the core becomes less dependent on U233 for
power production and more dependent on U235. Because the second deriv-
ative of the 2 x Pa233 absorption curve is negative, the second derivative
of the curve of the conversion ratio is positive.
b. Parasitic absorptions plus leakage
The net fast and thermal leakages out of the core and into thb
blanket are shown in figure 6.19. The absolute values of the net leakages
increase as specific power increases due to the increasing flux gradients.
The overall thermal leakage from the reactor also increases with increas-
ing specific power because of the increasing thermal flux gradient. How-
ever, the overall fast leakage from the reactor, after an initial increase,
decreases with increasing specific power. As the specific power increases
and the core volume decreases, the two-foot thick blanket represents an
increasing fraction of the total reactor volume and slows down an increas-
ing fraction of the fast neutrons leaking out of the core. This, pre-
sumably, causes the overall fast leakage from the reactor to decrease at
high specific power. It is not clear, however, that this decrease in
overall fast leakage from the reactor with increasing average specific
power actually occurs. It is seen in figure 6.19 that the overall leak-
age from the reactor is the difference between the two numbers whose
absolute values are large: the net leakage out of the core and the net
leakage into the blanket. The errors in calculating these net leakages,
[(Z Dfast2 4 fast AVolume)/(fissile absorptions)], using the difference
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approximation for Vr, are probably as large as the calculated overall
fast leakage from the reactor.' In any event, the overall fast leakage
from the reactor, whatever its value, is inconsequential in this study
of the effects of the average specific power.
The absorption by the "Sm" group is shown in figure 6.17. The "Sm"
group absorption increases with increasing specific power because of its
50% larger fission yield from U235 fissions than from U233 fissions.
The absorption by the nonsaturating fission products is shown in figure
6.18. These absorptions decrease with increasing specific power because
of the decrease in the number of neutrons slowed down to thermal energy
per absorption in a fissile nucleus and the increase in thermal absorp-
tions by Pa233, U234, U235 and Xel3S. The Xel35 absorption curve, shown
in figure 6.18, increases with increasing specific power because the
increasing thermal flux causes the Xe branching ratio- to shift from
radioactive decay toward thermal neutron absorption.
c. Fissile absorptions
The absorptions by U233 and U235 are shown in figure-6.20. The
thermal absorptions by U233 decrease with increasing specific power
because of the decrease in the number of neutrons slowed down to thermal
energy per absorption in a fissile nucleus and the increased competition
for thermal neutrons by other absorbers, notably Pa233, U234, U235 and
Xel3S.
The U233 resonance absorption initially increases with increasing
specific power because of the increased epithermal character of the
spectrum. After the conversion ratio drops below 1.0 and fresh U235 is
added to the feed, the U233 concentration increases less rapidly with
increasing specific power and the U233 resonance absorptions decrease.
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The U235 absorptions increase with increasing specific power. This
is because of the rapid increase of U235 concentration with decreasing
conversion ratio.
d. Fertile absorptions
The absorptions by Th232 and U234 are shown in figure 6.21. The
Th232 thermal absorption decreases with increasing specific power because
of the decrease in the number of neutrons slowed down to thermal energy
per absorption by a fissile nucleus and because of the increased compe-
tition from other nuclides, notably Pa233, U234 and Xel3S, for the thermal
neutrons. The resonance absorption in Th232 decreases with increasing
specific power because the Th232 concentration decreases while the con-
centrations of the other fuel nuclides increase.
The U234 absorptions increase with increasing specific power because
of the increasing concentration of U234 in the core. The U234 concen-
tration in the core increases because of increasing Pa233 absorptions and
increasing recycle of core discharge into the feed as the conversion
ratio decreases. After the conversion ratio drops below 1.0 and 100% of
the core discharge is recycled, the U234 concentration and absorptions
continue to increase because of increasing Pa233 absorptions.
2. Burnups of 10,000 mwd/t and 30,000 mwd/t
The conversion rat-io and its components for 10,000 mwd/t are shown
in figure 6.23 and 6.24 and for 30,000 mwd/t in figure 6.25.with average
specific power in the core as abscissa. The other secondary variables
are held constant at the same values as for 20,000 mwd/t. The complete
neutron -balances are listed in table 6.1. The components of the neutron
balance other than those plotted in figures 6.24 and 6.25 behave in a
similar fashion to the same components for a burnup of 20,000 mwd/t.
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3. Comparison among burnups
The results of this section are plotted with average specific power
in the core as abscissa and feed burnup as a parameter. In order to
understand the effect on the conversion ratio of increasing the average
specific power for different feed burnups, one compares the character-
istics of a core with a feed burnup of 10,000 mwd/t to the characteris-
tics of a core- with a feed burnup of 20,000 mwd/t. For a burnup of
10,000 mwd/t, the fuel travels through the core at a relatively high
axial velocity and depends to a large extent on the fissile material in
the feed to supply the fissile material throughout the core. (If the
axial velocity were infinite, then all of the fissile material in the
core would be supplied by the feed.) For a burnup of 20,000 mwd/t, the
fuel travels through the core at a relatively low axial velocity and
depends less on the feed to supply the fissile material in the core and
depends more on the fissile material produced in the core. Because of
this, the Pa233 concentration is higher in the core with the higher
burnup. Therefore, an increase in the average specific power is more
effective in decreasing the conversion ratio in a core with a high feed
burnup and its relatively high Pa233 concentration.
The effect just mentioned is shown in the plots of conversion ratio
for the three burnups in figure 6.26. The difference between any two
curves for a given specific power is due primarily to the differences in
the curves of (Ij-1), 2 x Pa233 absorption and absorptions by nonsatu-
rating fission products shown in figure 6.27 and the differences in the
curves of U236 and Np237 absorptions shown in figure 6.28. The curve of
2 x Pa233 absorption for a burnup of 20,000 mwd/t has a larger value and
its slope is greater than for the curve for a burnup of 10,000 mwd/t
because of the higher Pa233 concentration in the core. The curve for a
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a burnup of 30,000 mwd/t falls slightly below the curve for 20,000 mwd/t
because of. the increased competition for thermal neutrons in the 30,000
mwd/t core caused by the higher concentration of nonsaturating fission
products. However, the concentration of Pa233 is higher in the 30,000
mwd/t core at all average specific powers and if the specific power were
increased to higher values, the curve of 2 x Pa233 absorption for the
30,000 mwd/t core would rise above the curve for 20,000 mwd/t.
The curves of (q -1) in figure 6.27 for the higher burnups decrease
more rapidly with increasing specific power than for the lower burnups.
As the average specific power increases, the neutron spectrum becomes
more epithermal. A core with a higher burnup has a higher concentration
of U235. Therefore an increase in the epithermal component of the spec-
trum is more effective in lowering in a core with a hugh burnup. This
also explains the differences in the shapes of the curves of neutrons
slowed down to thermal energy per fissile absorption in figure 6.22.
The curves of U236 and Np237 absorptions are shown in figure 6.28.
The curves for the higher burnups have steeper slopes because of the more
rapid decrease of conversion ratio with increasing specific power and
the resulting more rapid increase of U235, U236 and Np237 concentrations
in the core.
The U233 absorptions.are shown in figure 6.29. The shapes and
relative positions of the U233 thermal absorption curves for different
burnups are clearly determined by the shapes and relative positions of
the curves of neutrons slowed down to thermal energy per fissile absorp-
tions shown in figure 6.22. The U233 thermal absorption curves also
decrease with increasing burnup because of the increasing reliance of the
core on U23S fissions. The U233 resonance absorptions increase with
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increasing burnup because of the increasing epithermal character of the
spectrum.
The U235 absorptions are shown in figure 6.30. These curves are
almost mirror images of the U233 thermal absorption curves. The resonance
absorption curves increase with increasing feed burnup because of the
rapidly increasing concentration of U235 in the core.
The Th232 absorption curves are shown in figure 6.31. The thermal
absorption curves resemble the curves of neutrons slowed down to thermal
energy per fissile absorption shown in figure 6.22. The resonance
absorption curves decrease with increasing feed burnup because of the
rapid increase in concentration of other resonance absorbers.
The U234 absorptions are shown in figure 6.32. As the burnup
increases, the concentrations of U234 and absorptions by U234 increase
because of the increased fraction of the core discharge which is recycled
into the feed as the conversion ratio decreases.
D. Total thermal power or geometric buckling
This section is concerned with the effect on the conversion ratio
of changes in the size and power level of the reactor, keeping the average
specific power in the core constant at 1000 kw/kg fissile, keeping the
ratio of core height to core radius constant at 1.845 and keeping the
blanket thickness constant at two feet (60.96 cm). Calculations have
been made for the three following cases:
Thermal Core Dimensions, cm Geometric 2
Power, MW Height, Hc Radius, R Buckling, B2 ,cm
8333 1362 738.2 0.1594 x 10'4
1000 663.8 359.8 0.6705 x 10-4
Soo 523.2 283.6 1.079 x 10"
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The geometric buckliigis defined as
Zm\Z +( 4O )](6)
The results of this section have been plotted against a scale linear in
the geometric bucklirgbecause of the expectation, confirmed in figure 6.35,
that the net leakage from the core into the blanket would be nearly
linear in this variable. The power corresponding to the buckling has
been indicated in each figure.
Other variables held constant in this study were
Burnup 20,000 mwd/t
Zircaloy absorption ratio 0
Average specific power 1000 kw/kg fissile
Reprocessing loss 0
The slowing down length in the blanket is 11.3. cm and the thermal dif-
fusion length in the blanket is 15.5 cm.
The conversion ratio and its components are plotted in figure 6.33.
The conversion ratio is divided into the contributions from the core and
from the blanket. The conversion ratios are extrapolated to a core of
infinite size or zero buckling. In this condition the contribution of
the blanket to the conversion ratio is zero. As the core volume decreases
from infinity, the fractional leakage of neutrons from the core increases
from zero. Some of these neutrons pass through the blanket without being
absorbed, so that the conversion ratio decreases as the core size is
reduced. However, as the core size becomes smaller, the ratio of blanket
volume to core volume increases, so that the blanket absorbs a larger
fraction of the neutrons leaking from the core, as the core becomes smaller.
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The calculations of this section suggest that for relatively small cores,
in going from 1000 to 500 MW(th), the overall fast leakage from the
reactor decreases, as shown in figure 6.35. This causes the conversion
ratio to increase and is due, presumably, to the increased effectiveness
of the blanket in the small systems in slowing down the fast neutrons
leaking out of the core. This situation is similar to that encountered
in section VIC during the study of the effects of increasing the average
specific power in the core. It is not clear that this decrease in over-
all fast leakage from the reactor with decreasing core size actually
occurs. It is seen in figure 6.35 that the overall leakage from the
reactor is the difference between two numbers whose absolute values are
large: the net fast leakage out of the core and the net fast leakage into
the blanket. The errors in calculating these net leakages)
{{71D V72 4' Avolume)/(fissile absorptions)], using the difference
fast fast
approximation for V 2 , are probably as large as the calculated overall
fast leakage from the reactor. In any case, as long as there is a blanket
of fixed thickness surrounding the core to stop fast and thermal neutrons
leaking out of the core, a decrease in core size does not have a large
effect on the conversion ratio, at least down to a thermal power of 500 MW.
When interpreting some of the other results of the effect of the
buckling on reactor, the following reasoning applies. When the core size
is decreased from a large volume, a principal effect of the increase in
the net leakage out of the core is to decrease the reactivity of the
system. To compensate for this, the concentrations of the fissile and
other nuclides in the core must be increased. This increase in concen-
tration causes an increase in the rate of absorption of thermal neutrons
by some of these nuclides. When the core size is decreased from a small
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value, when the net leakage of neutrons out of the core is already
relatively large, a principal effect is to cause thermal neutrons in the
core to leak away from the thermal poisons in the core and the rate of
absorption of thermal neutrons by these nuclides decreases. In the cases
of both large and small cores, the increase in the leakage of thermal
neutrons out of the core necessitates an increase in the epithermal com-
ponent of the spectrum in order to maintain sufficient absorptions in
fissile nuclides for criticality.
The remaining neutron balance results for this study are plotted in
figure 6.34 through 6.37. These results can all be interpreted in the
light of the information in the preceeding two paragraphs.
E. Reprocessing loss
1. Conversion ratio and its components
The results of section VIE are plotted as a function of the fraction
of the core and blanket discharge which is lost in reprocessing. The
other secondary variables are held constant at the following values:
Zircaloy absorption ratio 0
Average specific power 6000 kw/kg fissile
Total power 8333 M(th)
The conversion ratio and its components are plotted in figure 6.38.
Two conversion ratios are shown. The one with the higher value (internal
conversion ratio) is calculated by considering only the sink of fissile
material within the reactor, i.e., by use of equation (4E2a). This is
the same conversion ratio which has been used in this work up to this
point. The conversion ratio with the lower value (conversion ratio
with reprocessing loss) is calculated by including the
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reprocessing loss in the fissile sink. The internal conversion ratio is
calculated for a given abscissa by subtracting from (i-1) the sum of
D20 absorption, 2 x Pa233 absorption and parasitic absorptions plus
leakage.
When the internal conversion ratio of a reactor is greater than 1.0,
the reprocessing loss can range from zero to a value for which the con-
version ratio with reprocessing loss equals 1.0 without affecting the
reactor neutron balance itself. This is because not all of the discharged
fuel is recycled back into the core feed when the internal conversion
ratio is greater than 1.0, and reprocessing losses merely reduce the net
amount of fissile material produced. When the conversion ratio with
reprocessing loss is greater than 1.0, it can be calculated with the
fissile material input-output-sink data in tables 5.3 and 6.3 and equation
(4E1). When the conversion ratio with reprocessing loss is less than 1.0,
the entire neutron balance must be recalculated because the feed composi-
tion is different for each value of the reprocessing loss.
The curve of (r -1) in figure 6.38 decreases with increasing reproc-
essing loss because of the feeding into the core of fresh 1235 with its
lower value of f . The curve of parasitic absorptions plus leakage
decreases with increasing -reprocessing loss because of the removal of
U236 in the reprocessing loss stream. The second derivative of this
curve is positive because as the reprocessing loss increases, the decrease'
in U236 concentration in the core-caused by the increase in the U236 lost
in the reprocessing loss stream tends to be offset by neutron captures
in the increasing U235 concentration caused by the increased feeding of
U235 into the core. The curves of 2 x Pa233 absorption and D 0 absorption2
increase with increasing reprocessing loss because as U234 and U236 are
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removed in the reprocessing loss stream, more neutrons are made available
for absorption by Pa233, D 0 and other nuclides.2
The internal conversion ratio curve first increases and then
decreases with increasing reprocessing loss because of the behavior of
the curves of (j -1) and parasitic absorptions plus leakage. The con-
version ratio with reprocessing loss curve continually decreases with
increasing reprocessing loss because of the inclusion of the reprocessing
loss in the fissile sink.
2. Parasitic absorptions plus leakage
The curves of the parasitic absorptions are in figure 6.39. The
changes of the fast and thermal leakages with reprocessing loss are
extremely small and are not plotted. The U236 absorption curves decrease
because of the removal of U236 in the reprocessing loss stream. The
Np237 curves also decrease because Np237 is the (n ,Py ) daughter of
U236. The absorption curves of the other nuclides increase with increas-
ing renrocessing loss because as U234 and U236 are removed in the reproc-
essing loss stream, more neutrons become available for absorption in.
these nuclides.
3. Fissile absorptions
The absorption by U233 and U235 are shown in figure 6.40. The U233
absorption curves decrease with increasing reprocessing loss because of
the removal of U233 in the reprocessing loss stream. The U235 absorption
curves increase because of the feeding of fresh U235 into the core as the
reprocessing loss increases.
4. Fertile absorptions
The absorptions by Th232 and U234 are shown in figure 6.41. The
199
U234 absorptions decrease with increasing reprocessing loss because of
U234 removal in the reprocessing loss stream. The absorptions by Th232
increase with increasing reprocessing loss because as U234 and U236 are
removed in the reprocessing loss stream, more neutrons become available
for absorption by Th232.
F. Other results of the calculations
In table 6.3 are listed the input and output flow rates of the fuel
nuclides and the fissile nuclide consumption rates for the cases involving
the secondary variables. The comments of section VE also apply to these
results.
Table 6.1: Neutron Balances for the Cases Involving the Secondary Variables
Secondary variable changed
Burnup, mwd/t
Volume moderator/volme fuel
Rod diameter, inches
Average specific power, kw/kg fissile
Absorption ratio, zircaloy/fissile
Volume zircaloy/volume fuel
Reprocessing loss, 4
Total power, IV(th)
Production of fast neutrons from
Resonance fission of U233
Resonance fission of U235
Thermal fission of U233
Thermal fission of U235
Total (i1)
Net fast leakage out of
Core
Blanket
Neutrons reaching resonance energy
Resonance absorptions
Th232, Core
Th232, Blanket
Pa233
U233
U234
U235
U236
Np237
Net production of thermal neUtrons
Overall thermal leakage from reactor
Thermal absorptions
Th232, Core
Th232, Blanket
Pa233
U233 fission
U233 capture
U234
U235 fission
U235 capture
U236
Np237
Xe135
"Sm" group
Nonsaturating fission products
D0
Zircaloy
Total consumption of thermal neutrons
Conversion ratio
F -Zircaloy absorption ratio' j.- Average specific power
10,000 10,000 20,000 20,000 20,000 20,000 20,000 30,000 30,000 10,000 10,000 10,000
30 30 30 30 30 30 30 30 30 30 30 30
1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4
1000 1000 1000 1000 1000 1000 1000 1000 1000 2000 7000 12,000
0.047573 0.107829 0.046438 0.080404 0.088526 0.100535 0.112351 0.036581 0.053616 0 0 0
0.5 1.2 0.5 0.9 1.0 1.15 1.3 0.4 0.6 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
8333 8333 8333 8333 8333 8333 8333 8333 8333 8333 8333 8333
0.217675 0.230825 0.223088 0.231543 0.232048 0,231682 0.231068 0.226305 0.231072 0.211647 0.220138 0.224051
0.005408 0.007783 0.006437 0.008248 0.009218 0.011002 0.012754 0.007237 0.008386 0.005137 0.008170 0.009671
1.907670 1.846527 1.880134 1.835874 1.814161 1.775547 1.738992 1.860136 1.832837 1.916899 1.839255 1.804817
0.128563 0.167871 0.146812 0.176183 0.194022 0.226909 0.258226 0.160687 0.179164 0.126424 0.184276 0.209583
2.259316 2.253006 2.256471 2.251848 2.249449 2.745140 2.241040 2.254365 2.251459 2.260107 2.251839 2.248122
0.011001 0.012564 0.011529 0.013253 0.013724 0.014341 0.014585 0.013358 0.015067 0.017241 0.042938 0.055283
-0.008948 -0.010287 -0.009407 -0.010840 -0.011216 -0.011724 -0.011941 -0.010612 -0.011974 -0.015209 -0.038942 -0.053321
2.257263 2.250629 2.254349 2.249435 2.246941 2.242523 2.238396 2.251619 2.248366 2.258075 2.247843 2.246160
0.204180 0.202241 0.202308 0.200698 0.200172 0.199440 0.198773 0.200452 0.199281 0.203822 0.199057 0.196745
0.000856 0.000982 0.000900 0.001035 0.001071 0.001118 0.001139 0.001014 0.001142 0.001447 0.003675 0.005023
0.005309 0.005169 0.005389 0.005225 0.005179 0.005139 0.005122 0.005361 0.005214 0.009596 0.021243 0.025856
0.101773 0.107936 0.104310 0.108275 0.108515 0.108346 0.108061 0.105818 0.108057 0.098955 0.102946 0.104787
0.021818 0.028390 0.024764 0.029633 0.030052 0.029980 0.029783 0.026968 0.029985 0.021312 0.030780 0.035042
0.003420 0.004924 0.004071 0.005219 0.005833 0.006963 0.008072 0.004578 0.005307 0.003249 0.005170 0.006122
0.002922 0.007830 0.004682 0.010259 0.012061 0.013937 0.016177 0.006743 0.011472 0.002355 0.005901 0.008466
0.000249 0.000653 0.000698 0.001516 0.001777 0.002043 0.002366 0.001349 0.002295 0.000199 0.000480 0.000682
1.916736 1.892504 1.907227 1.887575 1.882281 1.875557 1.868903 1.899336 1.885613 1.917140 1.878591 1.863437
0.001756 0.001789 0.001766 0.001889 0.001944 0.001978 0.001971 0.001534 0.001649 0.002326 0.003814 0.004596
0.801917 0.718742 0.761465 0.705859 0.693337 0.676512 0.661493 0.733924 0.700864 0.828556 0.738766 0.700223
0.012460 0.012996 0.012789 0.013865 0.014193 0.014463 0.014479 0.014031 0.015303 0.021459 0.048892 0.063758
0.003403 0.003015 0.003314 0.003020 0.002951 0.002871 0.002811 0.003213 0.003013 0.006397 0.013220 0.015583
0.762153 0.737726 0.751152 0.733469 0.724795 0.709368 0.694763 0.743162 0.732256 0.765841 0.734820 0.721061
0.070572 0.068342 0.069570 0.067949 0.067153 0.065731 0.064382 0.068842 0.067853 0.070907 0.068067 0.66808
0.048502 0.058758 0.053403 0.061038 0.061116 0.059748 0.058245 0.057108 0.061860 0.048956 0.067372 0.075112
0.052907 0.069083 0.060417 0.072503 0.079844 0.093378 0.106266 0.066127 0.073730 0.052026 0.075834 0.086248
0.009175 0.011990 0.010480 0.012584 0.013860 0.016214 0.018455 0.011473 0.012798 0.009022 0.013163 0.014975
0.000788 0.001949 0.001219 0.002549 0.002970 0.003385 0.003886 0.001721 0.002862 0.000657 0.001528 0.002126
0.000386 0.000921 0.001037 0.002120 0.002450 0.002763 0.003145 0.001956 0.003211 0.000319 0.000712 0.000972
0.037033 0.036600 0.036866 0.036536 0.036473 0.036413 0.036373 0.036777 0.036552 0.041852 0.045894 0.046589
0.014108 0.014110 0.014115 0.014126 0.014166 0.014250 0.014331 0.014126 0.014137 0.014147 0.014231 0.014265
0.040083 0.037184 0.070393 0.067327 0.066682 0.065886 0.065262 0.096196 0.094098 0.040750 0.038835 0.038191
0.013638 0.012301 0.013066 0.012198 0.012006 0.011740 0.011500 0.012727 0.012230 0.014273 0.013362 0.013017
0.047573 0.107829 0.046438 0.080404 0.088S26 0.100S35 0.112351 0.036581 0.053616 0 0 0
1.916454 1.893335 1.907490 1.887436 1.882466 1-875235 1.869713 1.899498 1.886032 1.917488 1.878S10 1.863524
1.081313 1.01319S 1.046663 1.004022 0.991626 0.973573 0.9SS167 1.024761 0.999791 1.109211 1.054160 1.034378
0
0
Table 6.1: (Continued)
Secondary variable changed
Burnup, wd/t
Volume moderator/volume fuel
Rod diameter, inches
Average specific power, kw/kg fissile
Absorption ratio, zircaloy/fissile
Volume zircaloy/volume fuel
Reprocessing loss, %
Total power, MW(th)
Production of fast neutrons from
Resonance fission of U233
Resonance fission of U235
Thermal fission of U233
Thermal fission of U235
Total (()
Net fast leakage out of
Core
Blanket
Neutrons reaching resonance energy
Resonance absorptions
Th232, Core
Th232, Blanket
Pa233
U233
U234
U235
U236
Np237
Net production of thermal neutrons
Overall thermal leakage from reactor
Thermal absorptions
Th232, Core
Th232, Blanket
Pa.233
U233 fission
U233 capture
U234
U235 fission
U235 capture
U236
Np237
Xe13S
"Sm" group
Nonsaturating fission products
D 0
Z rcaloy
Total consumption of thermal neutrons
Conversion ratio
* Internal conversion ratio
* Conversion ratio with reprocessing loss
Average specific power - Total power | Reprocessing loss-.
20,000 20,000 20,000 20,000 20,000 20,000 30,000 30,000 20,000 20,000 20,000 20,000
30 30 30 30 30 30 30 30 30 30 30 30
1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4
2000 5000 6000 7000 8000 10,000 2000 3000 1000 1000 6000 6000
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 2 4
8333 8333 8333 8333 8333 8333 8333 8333 1000 500 8333 8333
0.217030 0.225230 0.227783 0.227807 0.227482 0.226888 0.222257 0.225692 0.217703 0.220242 0.224802 0.221140
0.006099 0.009576 0.010807 0.012336 0.013691 0.016063 0.007214 0.008695 0.005222 0.005257 0.011361 0.012178
1.890269 1.806758 1.780060 1.747856 1.720173 1.673506 1.861557 1.826536 1.912532 1.910720 1.767647 1.749197
0.143964 0.206801 0.226792 0.253812 0.277359 0.316925 0.163352 0.189663 0.124381 0.123508 0.240178 0.259336
2.257362 2.248365 2.245442 2.241811 2.238705 2.233382 2.254380 2.250586 2.259838 2.259727 2.243988 2.241851
0.017327 0.039821 0.045561 0.050564 0.055040 0.062674 0.020054 0.028882 0.028908 0.041994 0.045413 0.045342
-0.015340 -0.034855 -0.040830 -0.046205 -0.051115 -0.059834 -0.017291 -0.026088 -0.026697 -0.041412 -0.040683 -0.040577
2.255375 2.243399 2.240711 2.237452 2.234780 2.230542 2.251617 2.247792 2.257627 2.259145 2.239258 2.237086
0.202017 0.197245 0.195679 0.194382 0.193320 0.191494 0.199861 0.197883 0.201400 0.200112 0.195850 0.195922
0.001460 0.003292 0.003853 0.004358 0.004819 0.005637 0.001643 0.002470 0.002549 0.003948 0.003839 0.003829
0.010188 0.020535 0.022972 0.025117 0.027010 0.030134 0.010281 0.014369 0.005933 0.005921 0.023033 0.023078
0.101477 0.105335 0.106539 0.106556 0.106409 0.106138 0.103927 0.105544 0.101785 0.102973 0.105140 0.103424
0.024207 0.034403 0.031654- 0.039013 0.039860 0.041291 0.027348 0.031612 0.021296 0.021390 0.035766 0.033652
0.003857 0.006061 0.006843 0.007812 0.008671 0.010176 0.004564 0.005503 0.003303 0.003325 0.007192 0.007709
0.003525 0.009969 0.014076 0.016614 0.018233 0.021025 0.005625 0.008984 0.002583 0.002555 0.012171 0.010668
0.000522 0.001443 0.002028 0.002382 0.002602 0.002976 0.001118 0.001774 0.000397 0.000390 0.001751 0.001531
1.908122 1.865116 1.851067 1.841218 1.833856 1.821671 1.897250 1.879653 1.918381 1.918531 1.854516 1.857273
0.002273 0.003601 0.003904 0.004188 0.004475 0.004989 0.001953 0.002512 0.002686 0.003691 0.003906 0.003931
0.787091 0.699799 0.673445 0.655341 0.641361 0.618035 0.746040 0.710112 0.792706 0.776713 0.679703 0.685563
0.021280 0.043539 0.049719 0.055230 0.060202 0.068785 0.022728 0.032652 0.035461 0.052832 0.049747 0.049793
0.006518 0.012222 0.013348 0.014364 0.015259 0.016670 0.006313 0.008560 0.003804 0.003750 0.013478 0.013598
0.755201 0.721837 0.711171 0.698305 0.687244 0.668600 0.743730 0.729739 0.764096 0.763372 0.706211 0.698840
0.069945 0.066887 0.065907 0.064732 0.063704 0.061995 0.068893 0.067615 0.070754 0.070689 0.065451 0.064768
0.053929 0.073187 0.079002 0.080828 0.081702 0.083102 0.059159 0.067063 0.047362 0.046960 0.075009 0.070485
0.059245 0.085103 0.093330 0.104450 0.114139 0.130422 0.067223 0.078051 0.051185 0.050826 0.098839 0.106723
0.010275 0.014776 0.016210 0.018146 0.019833 0.022670 0.011664 0.013549 0.008876 0.008814 0.017167 0.018536
0.000947 0.002505 0.003487 0.004073 0.004425 0.005027 0.001459 0.002271 0.000697 0.000680 0.003018 0.002652
0.000803 0.002050 0.002806 0.003237 0.003486 0.003893 0.001653 0.002538 0.000615 0.000597 0.002439 0.002147
0.041700 0.044964 0.045312 0.045596 0.045816 0.046120 0.041555 0.043302 0.037313 0.037231 0.045373 0.045444
0.014152 0.014249 0.014279 0.014345 0.014405 0.014505 0.014163 0.014203 0.014098 0.014077 0.014335 0.014410
0.071524 0.067914 0.066889 0.066323 0.065912 0.065264 0.097114 0.094839 0.074873 0.074276 0.067248 0.067618
0.013674 0.012727 0.012437 0.012257 0.012128 0.011917 0.013116 0.012742 0.013966 0.013991 0.012527 0.01.2613
0 0 0 0 0 0 0 0 0 0 0 0
1.908557 1.865360 1.851246 1.841415 1.834104 1.821994 1.896763 1.879748 1.918492 1.918499 1.854451 1.857121
1.072843 1.018463 1.002853 0.989476 0.978754 0.961218 1.040672 1.018769 1.090925 1.092315 (1.003467* f1.002720*
0.986515** O.969593**
Fractions of Fuel Materials in Reactor Cores and Core Dimensions for the Cases Involving the
Secondary variable changed
Burnup, mwd/t
Volume moderator/volume fuel
Rod diameter, inches
Average specific power, kw/kg fissile
Absorption ratio, zircaloy/fissile
Reprocessing loss, 4
Total power, MW(th)
T22x1-3
Pa233
U233
U234
U235
U236
Np237
Mass fractions
Th232
Pa233 x 194
U233 x 10
U234 x 103
U235 x 104
U236 x 103
Np237 x 105
Core radius, feet
Core height, feet
Secondary variable changed
Burnup, mwd/t
Volume moderator/volume fuel
Rod diameter, inches
Average specific power, kw/kg fissile
Absorption ratio, zircaloy/fissile
Reprocessing loss, %
Total power, MW(th)
Masses (kg
Pa233
U233
U234
U235
U236
Np237
Mass fractions
Th232
Pa233 x 104
U233 x 102
U234 x 103
U235 x 104
U236 x 103
Np237 x 109
Core radius, feet
Core height, feet
- Zircaloy absorption ratio
10,000
30
1/4
1000
0.047573
0
8333
575.23
373.2
7824
2549
510
714
11.3
0.9796
6.355
1.332
4.34
8.69
1.22
1.92
10,000
30
1/4
1000
0.107829
0
8333
520.65
340.2
7659
3128
674
1787
27.7
0.9745
6.368
1.434
5.85
12.62
3.34
5.18
20,000
30
1/4
1000
0.046438
0
8333
549.42
366.3
7748
2822
585
1110
30.9
0.9775
6.517
1.378
5.02
10.41
1.97
5.50
20,000
30
1/4
1000
0.080404
0
8333
512.13
344.1
7623
3254
709
2340
64.5
0.9727
6.536
1.448
6.18
13.47
4.44
12.25
20,000
30
1/4
1000
0.088526
0
8333
504.18
339.2
7549
3267
786
2733
75.0
0.9716
6.537
1.455
6.30
15.15
5.27
14.45
20,000
30
1/4
1000
0.100535
0
8333
493.04
332.6
7402
3201
928
3121
85.0
0.9704
6.546
1.457
6.30
18.26
6.14
16.73
20,000
30
1/4
1000
0.112351
0
8333
.483.37
326.9
7268
3129
1065
3592
97.1
0.9690
6.553
1.457
6.27
21.35
7.20
19.46
30,000
30
1/4
1000
0.036581
0
8333
531.25
357.5
7691
3028
643
1573
58.7
0.9755
6.564
1.412
5.55
11.81
2.89
10.78
30,000
30
1/4
1000
0.053616
0
8333
508.79
344.3
7614
3298
721
2628
97.8
0.9719
6.577
1.455
6.30
13.77
5.02
18.68
20,000
30
1/4
10,000
0
0
8333
45.028
201
704.3
445
129
463
12.2
0.9584
42.8
1.499
9.47
27.5
9.8S
26.0
30,000
30
1/4
2000
0
0
8333
268.59
353
3841
1557
325
662
24.7
0.9754
12.8
1.395
5.65
11.8
2.40
8.97
30,000
30
1/4
3000
0
0
8333
170.64
329
2525
1182
252
689
25.7
0.9715
18.7
1.438
6.73
14.3
3.92
14.6
- Average specific power -
10,000
30
1/4
2000
0
0
8333
295.37
358
3910
1278
249
295
4.71
0.9798
11.9
1.300
4.24
8.26
0.979
1.56
10,000
30
1/4
7000
0
0
8333
75.487
219
1086
506
104
197
3.06
0.9727
28.2
1.399
6.52
13.4
2.54
3.94
10,000
30
1/4
12,000
0
0
8333
41.769
151
625.2
329
69.3
160
2.44
0.9690
35.0
1.450
7.63
16.1
3.71
5.66
24.10 23.52 23.79 23.37 23.28 23.15 23.05 23.55 23.29 19.19 12.21 10.03
44.46 43.39 43.89 43.12 42.95 42.71 42.53 43.45 42.97 35.41 22.53 18.S1
-Average specific power
20,000
30
1/4
2000
0
0
8333
282.28
363
3883
1414
285
428
11.9
0.9779
12.6
1.345
4.90
9.87
1.48
4.12
20,000
30
1/4
5000
0
0
8333
100.82
286
1502
774
165
456
12.5
0.9692
27.5
1.444
7.44
15.9
4.38
12.0
20,000
30
1/4
6000
0
0
8333
81.072
263.2
1237
699.0
151.5
531.1
14.38
0.9655
31.34
1.473
8.324
18.04
6.325
17.13
20,000
30
1/4
7000
0
0
8333
67.822
245
1044
615
146
533
14.3
0.9631
34.8
1.483
8.73
20.7
7.57
20.3
20,000
30
1/4
8000
0
0
8333
58.207
229
901.4
545
140
509
13.5
0.9614
37.8
1.489
9.00
23.1
8.41
22.3
Total power- - Reprocessing loss.4
20,000
30
1/4
1000
0
0
1000
68.398
4S.41
941.3
296.3
58.74
75.29
2.06
0.9797
6.S04
1.348
4.244
8.413
1.078
2.955
20,000
30
1/4
1000
0
0
Soo
33.478
22.30
470.9
146.7
29.13
36.68
1.00
0.9793
6.523
1.378
4.291
8.521
1.073
2.924
20,000
30
1/4
6000
0
2
8333
81.827
265.8
1228
663.4
161.1
459.6
12.50
0.9670
31.41
1.451
7.840
19.04
5.432
14.77
20,000
30
1/4
6000
0
4
8333
82.497
268.1
1214
622.7
174.6
403.4
11.00
0.9683
31.47
1.425
7.309
20.49
4.735
12.91
18.9S 13.48 12.55 11.84 11.25 10.34 18.68 16.08 11.81 9.305 12.58 12.61
34.96 24.87 23.15 21.84 20.76 19.08 34.46 29.67 21.79 17.17 23.21 23.27
0
Secondary VariablesTable 6.2: Masses and Mass
Table 6.3: Fuel Flow Rates and Fissile Consumption Rates for the Cases Involving the Secondary Variables
Secondary variable changed
Burnup, awd/t
Volume moderator/volume fuel
Rod diameter, inches
Average specific power, kw/kg fissile
Absorption ratio, zircaloy/fissile
Reprocessing loss, 4
Total power, .W(th)
Fuel flow rates, kg/day
Input
Core
Th232
U233
U234
U235
U236
Blanket
Th232
Output
Core
Th232
Pa233
U233
U234
U235
U236
Np237
Blanket
Th232
Pa233
U233
SF issile material consumed in
reactor, atoms/day (x 10-25)
OR, Output from reactor of Pa233, U233
and U235, atoms/day (x 10-25)
OR/SRt
Zircaloy absorption ratio +---Average specific power -
10,000 10,000 20,000 20,000 20,000 20,000 20,000 30,000 30,000 10,000 10,000 10,000
30 30 30 30 30 30 30 30 30 30 30 30
1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4
1000 1000 1000 1000 1000 1000 1000 1000 1000 2000 7000 12,000
0.047573 0.107829 0.046438 0.080404 0.088526 0.100535 0.112351 0.036581 0.053616 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
8333 8333 8333 8333 8333 8333 8333 8333 8333 8333 8333 8333
816.91 812.28 407.71 405.45 404.86 404.28 403.62 271.25 270.06 817.20 810.72 807.32
11.221 12.416 5.7541 6.2931 6.3432 6.3558 6.3531 3.9635 4.2383 11.329 14.105 15.333
3.4823 4.8282 1.9939 2.5403 2.5938 2.5966 2.5840 1.4743 1.7197 3.3642 5.3182 6.2860
0.69604 1.0404 0.41374 0.55312 0.67591 0.91738 1.1534 0.31335 0.37639 0.65583 1.0951 1.3193
0.97512 2.7523 0.78488 1.8242 2.1651 2.5201 2.9538 0.76667 1.3704 0.77720 2.0705 3.0507
7548.1 7575.7 7110.0 7755.5 7997.5 8188.0 8086.7 7469.9 8534.8 13,975 30,577 36,653
807.12 803.30 398.32 396.61 396.13 395.71 395.20 262.12 261.26 807.16 801.57 798.54
0.32205 0.34567 0.11398 0.12927 0.13420 0.13906 0.14115 0.062285 0.072668 0.88032 3.3126 4.5966
11.515 12.060 5.9341 6.0527 6.0615 6.0650 6.0662 3.9797 4.0065 11.238 10.770 10.373
3.7164 4.8791 2.1449 2.5538 2.5937 2.5953 2.5851 1.5612 1.7202 3.6695 5.5095 6.4183
0.74354 1.0517 0.44532 0.55672 0.59318 0.65192 0.70972 0.33213 0.37649 0.71466 1.1344 1.3471
1.0411 2.7914 0.84444 1.8401 2.1738 2.5334 2.9660 0.81254 1.3736 0.84797 2.1455 3.1158
0.030572 0.081747 0.041476 0.091399 0.10777 0.12495 0.14551 0.051461 0.088125 0.024781 0.062181 0.089322
7548.0 7575.5 7109.8 7755.3 7997.3 8187.9 8086.5 7469.7 8534.7 13,975 30,577 36,653
0.048613 0.051732 0.047885 0.055169 0.057658 0.059898 0.060053 0.056511 0.066574 0.12069 0.42619 0.60055
0.079324 0.082923 0.083898 0.088470 0.089660 0.090632 0.0910S6 0.089652 0.0933S7 0.099S89 0.0862S1 0.071762
2.5363 2.S417 2.5392 2.5427 2.S4SS 2.5480 2.SS27 2.5409 2.5437 2.5360 2.5428 2.S463
3.2846 3.S124 1.7122 1.7773 1.7920 1.8101 1.8260 1.1681 1.1927 3.3738 4.0649 4.3901
1.2950 1.3819 0.67430 0.6989S 0.70398 0.71039 0.71534 0.45974 0.46887 1.3303 1.S986 1.7241
C
Table 6.3: (continued)
Secondary variable changed
Burnup, awd/t
Volume moderator/volume fuel
Rod diameter, inches
Average specific power, kw/kg fissile
Absorption ratio, zircaloy/fissile
Reprocessing loss, %
Total power, MW(th)
Fuel flow rates, kg/day
Input
Core
Th232
U233
U234
U235
U236
Blanket
Th232
Output
Core
Th232
Pa233
U233
U234
U235
U236
Np237
Blanket
Th232
Pa233
U233
S., Fissile material consumed in
reactor, atoms/day (x 10-25)
OR, Output from reactor of Pa233, U233
and U235, atoms/day (x 10-25)
OR/SR
Average specific power Total power | Reprocessing loss+-I
20,000 20,000 20,000 20,000 20,000 20,000 30,000 30,000 20,000 20,000 20,000 20,000
30 30 30 30 30 30 30 30 30 30 30 30
1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4
2000 5000 6000 7000 8000 10,000 2000 3000 1000 1000 6000 6000
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 ) 0 0 2 4
8333 8333 8333 8333 8333 8333 8333 8333 1000 500 8333 833
408.00 403.92 402.12 400.99 400.19 398.76 271.29 269.96 49.057 24.514 402.83 403.36
5.7772 7.3210 7.7477 8.0014 8.2047 8.5471 4.0582 4.5478 0.66221 0.34482 7.5822 7.3820
1.9047 3.0365 3.4323 3.6084 3.7225 3.9209 1.4735 1.8000 0.19399 0.097966 3.2058 2.9577
0.38380 0.64682 0.74275 0.92170 1.0868 1.3730 0.30719 0.38506 0.038551 0.019F10 0.86414 1.0282
0.57615 1.7863 2.6008 3.1172 3.4548 4.0539 0.62699 1.0518 0.049438 0.024589 2.2129 1.9051
12,970 28,936 33,390 37,373 40,910 46,706 13,413 20,644 2372.4 1760.8 33,489 33,602
398.37 395.15 393.62 392.67 392.01 390.80 262.06 261.08 47.894 23.942 394.26 394.73
0.33460 1.2409 1.5223 1.7811 2.0183 2.4318 0.18972 0.38392 0.011429 0.0060749 1.5245 1.5260
5.8914 5.7901 5.7288 5.6390 5.5494 5.3875 -3.9942 3.9900 0.70698 0.35655 5.6889 5.6397
2.1342 3.1101 3.4439 3.6082 3.7224 3.9203 1.6132 1.8721 0.22549 0.11392 3.2707 3.0806
0.43076 0.66311 0.74540 0.81687 0.87744 0.98615 0.33742 0.40062 0.044822 0.022700 0.74106 0.74249
0.64708 1.8304 2.6113 3.1193 3.4570 4.0559 0.68840 1.0939 0.057478 0.028605 2.2578 1.9840
0.031323 0.089616 0.12710 0.15071 0.16597 0.19246 0.042996 0.069313 0.0027111 0.0013434 0.10992 0.096385
12,970 28,936 33,389 37,372 40,909 46,704 13,413 20,643 2372.3 1760.8 33,488 33,601
0.11819 0.36372 0.43413 0.49785 0.55549 0.65558 0.13492 0.23859 0.017688 0.013850 0.43451 0.43486
0.10088 0.092965 0.088725 0.084746 0.081057 0.07454S 0.10206 0.10364 0.026S63 0.019226 0.088889 0.089114
2.5385 2.5462 2.5476 2.SS16 2.5545 2.SS89 2.5398 2.5438 0.30430 0.15220 2.5496 2.5508
1.7770 2.1062 2.2013 2.2788 2.3464 2.4636 1.2297 1.3222 0.20870 0.10814 2.1906 2.1788
0.70003 0.82720 0.86408 0.89308 0.91856 0.96237 0.48416 0.51979 0.68584 0.71052 0.85918 0.85416
C
4  
t ~ 4
tt
205
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Figure 6.1: Conversion Ratio and its Components vs. Absorption in Zircaloy/
Absorption in a Fissile Nucleus: 20,000 mwd/t Burnup
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Figure 6.4: Absorptions by Fissile Nuclides vs. Absorption in Zircaloy/
Absorption in a Fissile Nucleus: 20,000 mwd/t Burnup
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Figure 6.5: Absorptions by Fertile Nuclides vs. Absorption in Zircaloy/
Absorption in a Fissile Nucleus: 20,000 mwd/t Burnup
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Figure 6.21: Absorptions by Fertile Nuclides vs. Average Specific Power in Core:
20,000 mwd/t Burnup
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Figure 6.22: Number of Neutrons Slowed Down to Thermal Energy/Absorption in a
Fissile Nucleus vs. Average Specific Power in Core: 10,000 mwd/t,
20,000 mwd/t, 30,000 mwd/t Burnups
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Figure 6.23: Conversion Ratio vs. Average Specific Power in Core: 10,000 mwd/t
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Figure 6.24: Components of the Conversion Ratio vs. Average Specific Power in
Core: 10,000 mwd/t Burnup
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Figure 6.25: Conversion Ratio and its Components vs. Average Specific Power in
Core: 30,000 mwd/t Burnup
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CHAPTER VII
COMBINED EFFECT OF PRIMARY AND SECONDARY VARIABLES
ON CONVERSION RATIO
A. Introduction
Chapter VI has described the effect of changes in each of the four
secondary variables by itself on conversion ratio. Chapter VII considers
the effect of changing all four secondary variables together on conversion
ratio and develops approximate procedures for using the results of
Chapters V and VI to estimate the conversion ratio for any combination
of primary and secondary variables. First, a More Refined Approximate
(MRA) procedure is described in section VIIB and is illustrated by an
example problem. Second, a Less Refined Approximate (LRA) procedure is
described in section VIIC. Finally, in section VIID, the conversion
ratio is calculated for a reactor generally similar to one studied by
the Oak Ridge National Laboratory (R1), to provide a comparison among
results of estimates by the MRA and LRA procedures, an exact calculation
by the computer code described in chapter IV, and Oak Ridge's calculated
conversion ratio.
B. More Refined Approximate (MRA) procedure for estimating
conversion ratios
1. Introduction
In chapter VI we have calculated the effect on the conversion ratio
of changing individual secondary variables with the primary variables set
at the values listed in the first column of numbers on the next page. In
the present section VIIB, we will describe and illustrate with an example
problem the More Refined Approximate (MRA) procedure for estimating the
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effect on the conversion ratio of changing two or more of the secondary
variables together starting from values of the primary variables possibly
different from those employed in chapter VI. In the example to be given
in this section the primary variables have the values listed in the
second column of numbers below:
Burnup, mwd/t
Vol. moderator/vol. fuel
Fuel diameter, inches
Values of primary variables
Chapter VI This section
10,000, 20,000 or 30,000 20,000
30 20
1/4 1
In the example to be given in this section the secondary variables
are to be changed from the values used in chapter V, which are in the
first column of numbers below. These variables are to be changed one at
a time in the order given to the values listed in the second column of
numbers below:
Average specific power, kw/kg fissile
Zircaloy absorption ratio
Reprocessing loss
Total power, MW(th)
Secondary variables changed
from to
Chapter V This section
1000 3000
0 0.05
0 0.02
8333 Anything over
500 MW(th)
The values of the secondary variables in the second column of numbers
are typical of the CANDU reactor (A2,H2,S3).
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.2. Average specific power
The effect on the conversion ratio of changing the average specific
power in the core is estimated first. This reduces to the task of esti-
mating the effect of changing the average specific power on the following
neutron balance items: (i-1); the parasitic absorptions by U236, Np237
and the nonsaturating fission products; the flux dependent items Xe135
absorption, 2 x Pa233 absorption and overall fast and thermal leakages
from the reactor. The results of section VIC show that the absorptions
by D2 0 and the "Sm" group do not change significantly with increasing
average specific power. The changes in absorptions by the fissile nuclides
are reflected in the changes in ( -1). The changes in absorptions by
the fertile nuclides are reflected in the changes in the conversion ratio
itself.
The values of the neutron balance items for the initial values of
the primary and secondary variables for the example problem are taken
from table 5.1 and are listed in the first column of table 7.1. These
neutron balance items may be lumped into three groups according to the
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manner in which their values change with changing average specific power:
Group 1 includes those neutron balance items which do not change signifi-
cantly with average specific power. Inspection of table 6.1 shows that
absorptions by D20, the "Sm" group and zircaloy are of this character.
Hence, these may be assumed to have the same value at all average specific
powers as found in table 5.1 for an average specific power of 1000 kw/kg
fissile, a burnup of 20,000 mwd/t, a moderator ratio of 20 and a fuel rod
diameter of one inch.
Group 2 includes those neutron balance items whose rate of change with
average specific power shows no discontinuity when U235 feed is started
when the conversion ratio drops below unity. Inspection of table 6.1
shows that overall fast and thermal leakage from the reactor and absorp-
tions by Xel35 are of this character.. We assume that the change in these
items with change in average specific power from 1000 kw/kg fissile found
in table 6.1 for a burnup of 20,000 mwd/t, a moderator ratio of 30 and a
fuel rod diameter of 1/4 inch may be applied to the value of these items
at an average specific power of 1000 kw/kg fissile, a burnup of 20,000
mwd/t, a moderator ratio of 20 and a fuel rod diameter of 1 inch given
in table 5.1. Figure 7.1 is a plot of the change in these items from
their values at 1000 kw/kg fissile, taken from table 6.1.
Group 3 includes those neutron balance items whose rate of change with
average specific power changes discontinuously when U235 feed is started
when the conversion ratio drops below unity. In section VIC it has been
shown that these items consist of ( -1); 2 x Pa233 absorptions; and
absorptions by U236, Np237 and nonsaturating fission products consideted
together. On physical grounds,, it is clear that the behavior of these
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neutron balance items should change discontinuously when U235 feed is
started. The solid lines of figure 7.2 show how these three items change
with average specific power for the cases considered in table 6.1, with
burnup of 20,000 mwd/t, moderator ratio of 30, and fuel rod diameter of
1/4 inch. For this combination of primary variables, the conversion
ratio passes through unity at an average specific power of 6250 kw/kg
fissile; see point A of figure 7.3 and figure 7.2. The curves from the
calculated results of chapter VI will be called the "master'curves .
The problem now is to estimate how these curves versus conversion ratio
would look for the case of present interest, with a burnup of 20,000
mwd/t, moderator ratio of 20 and fuel rod diameter of 1 inch. For the
case of present interest, the values of these items at an average specific
power of 1000 kw/kg fissile are known from table 5.1, and have been
plotted at point B on each of the curves.
It is assumed that each curve for the case of present interest will have
the same shape as the corresponding master curve of figure 7.2, but that
it will be displaced horizontally and vertically to meet the following
conditions:
a. At an average specific power of 1000 kw/kg fissile, each curve should
pass through point B at the correct initial value obtained from table 5.1.
b. Each curve should have its discontinuity in slope at the same average
specific power.
c. At the average specific power at which the discontinuity in slope
occurs, the conversion ratio calculated from these curves and the items
of groups 1 and 2 should equal unity.
Determination of the average specific power to which the slope dis-
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continuity in these curves should be moved requires a trial-and-error
procedure, whose solution is illustrated in the second column of table
7.1 and the dashed curves of figure 7.2. Here it is seen that the
assumption that the slope discontinuity should be moved to an average
specific power of 5150 kw/kg fissile at points A' of figure 7.2 is con-
sistent with a conversion ratio of 1.0000 at this average specific power,
calculated in the second column of table 7.1.
After the proper location of the dashed curves has been found by
the foregoing procedure, their contribution to the conversion ratio may
be combined with group 2 items read from figure 7.1 and with group 1
items given in table 7.1 to give a curve of conversion ratio versus
average specific power illustrated by the dashed line of figure 7.3. The
"master curve" plotted from table 6.1 from which it was derived is given
as the solid line of this figure. Point B is the conversion ratio for
an average specific power of 1000 kw/kg fissile given in table 6.1.
Points A and A' show the discontinuities in slope occurring at a conver-
uion ratio of unity.
The required conversion ratio at an average specific power of 3000
kw/kg fissile may be read from the dashed curve of figure 7.3, or cal-
culated with greater precision from the individual curves of figures 7.1
and 7.2 as illustrated in the third column of table 7.1. This shows that
the required conversion ratio is 1.0375. The values of the individual
items in the third column are used as the starting point for estimating
the effect on the conversion ratio of increasing the zircaloy absorption
ratio.
3. Absorption in zircaloy/absorption in a fissile nucleus
The effect -on the conversion ratio of changing the zircaloy absorption
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ratio is estimated next. The results of section VIB summarized in table
6.1 show that the oniy items in the neutron balance which change signifi-
cantly with zircaloy absorption ratio are (i -1) and parasitic absorptions
by U236, Np237 and nonsaturating fission products. Items which do not
change significantly with zircaloy absorption ratio are overall fast and
thermal leakages from the reactor and absorptions by Xel3S, the "Sm"
group, Pa233 and D20. These are held constant at the values listed in
the last column of table 7.1 and are listed in the first column of table
7.2.
The procedure for estimating the changes with increasing zircaloy
absorption ratio of (j -1) and absorptions by U236, Np237 and nonsatu-
rating fission products is similar to that just described for increasing
average specific power for the neutron balance items in group 3. The
procedure for the zircaloy absorption ratio changes is illustrated in
figure 7.4, where the nomenclature is similar to figures 7.1 and 7.2.
The shapes of the master curves for these two items from the 20,000
mwd/t burnup case studied in section VIB are transferred in a trial and
error procedure to the initial values listed in the first column of
table 7.2 and plotted as points B in figure 7.4 until the zircaloy
absorption ratio is found at which the conversion ratio equals 1.0. This
value of the zircaloy absorption ratio turns out to be 0.027 as is shown
if figure 7.4 on the curves of (j -1) and absorptions by U236, Np237 and
nonsaturating fission products. The values of the neutron balance items
at this value of the zircaloy absorption ratio are listed in the second
column of table 7.2. The resulting conversion ratio curve is shown at
the top of figure 7.4.
The values of the neutron balance items and the conversion ratio for
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a zircaloy absorption ratio of 0.05 are taken from the dashed curves in
figure 7.4 and are listed in the last column of table 7.2. The value of
the conversion ratio is about 0.965.
4. Reprocessing loss
The effect on the conversion ratio of increasing the reprocessing
loss is estimated next. The effect of the reprocessing loss on the con-
version ratio may be evaluated exactly from data given in tables 5.3 and
6.5 so long as the conversion ratio with reprocessing loss is above
unity. In such cases, the reprocessing loss merely reduces the net sur-
plus of fissile material produced by the reactor plus reprocessing plant
without changing the material quantities entering or leaving the reactor.
The effect of the reprocessing loss is illustrated on figure 7.5, which
also gives the notation to be used in deriving the equation for the
change it causes in the conversion ratio.
The internal conversion ratio CR0 of the reactor itself is defined
in this thesis by
C R - - 5,3 +- Q Zs (7D1)
5s + Ss
where
Q13 a rate of production of Pa233 by absorption of neutrons in
Th232
S13 a rate of consumption of Pa233 by neutron absorption
Q25 a rate of production of U235 by absorption of neutrons in
U234
S23 a rate of consumption of U233 by neutron absorption
S25 a rate of consumption of U235 by neutron absorption
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Thus, Q1 3 - S13 is the rate at which Th232 is converted eventually into
U233 through the formation of Pa233 and its subsequent decay to U233.
The overall conversion ratio, taking into account the reprocessing
loss representing B fraction of the reactor output, is defined in this
thesis by
CR= ----- (7-D-- - -
SZ3 + 5- s + 5- (O0, +OZ3 + O")
where
013 - output flow rate of Pa233 from the reactor
023 a the output flow rate of U233
025 - output flow rate of U235
This differs from the internal conversion ratio by addition to the con-
sumption rate. term in the denominator the reprocessing loss of U233,
U235 and Pa233 (which would decay to U233 if not lost). The numerator
of (7D2) may be expressed in terms of the internal conversion ratio by
(7D1):
CR= CRo (7D3)
I + B - ( On + O - Oz s) (5s S+5s)
or, more concisely, by
CR C Ro (7D4)
+ B-(OR /SR)
(OR/SR) is the ratio of the output rate of atoms of Pa233, U233 and U235,
to the consumption rate of fissile atoms U233 and U235 in the reactor.
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The ratio (O /SR) has been given for each of the 56 cases studied
in tables 5.3 and 6.3. These ratios may be used to calculate exactly
the effect of the reprocessing loss on the conversion ratio, as long as
the conversion ratio with reprocessing loss remains above unity, so that
the flow sheet of figure 7.5 applies. When the reprocessing loss is
great enough to cause the conversion ratio with reprocessing loss to drop
below unity, the flowsheet is changed with addition of U235 makeup. In
such a case, the values of CR0 and (OR/S R) in equation (7D4) will no
longer have exactly the same values as calculated for cases with the con-
version ratio with reprocessing loss greater than unity. The change in
CR0 and (OR/SR) caused by an increase in B is not great, however, and
the values given in tables 5.1, 5.3, 6.1 and 6.3 may be used to estimate
the effect of reprocessing loss on the conversion ratio without signifi-
cant error, so long as B is small.
So the estimation of the effect of the reprocessing loss on the
conversion ratio for the example problem of this section reduces to the
problem of estimating the value of 0R SR for the reactor with an average
specific power of 3000 kw/kg fissile and a zircaloy absorption ratio of
0.05. The value of 0R SR for the example problem at the initial values
of the primary and secondary variables is listed in table 5.3 and has a
value of 0.632. Now the perturbations in OR /SR due to the increases in
average specific power from 1000 kw/kg fissile to 3000 kw/kg fissile and
zircaloy absorption ratio from zero to 0.05 must be estimated. These
perturbations are assumed to be the same as for the 20,000 mwd/t cases
studied in chapter VI in which the moderator ratio is 30 and the fuel
rod diameter is 1/4 inch. Figure 7.6 shows the perturbations in OR /SR
from its value at an average specific power of 1000 kw/kg fissile and a
zircaloy absorption ratio of zero for the 20,000 mwd/t cases from
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chapter VI as functions of both the average specific power and the
zircaloy absorption ratio. An increase in the average specific power
from 1000 to 3000 kw/kg fissile increases OR/SR by 0.094. Table 7.2
shows that in the example problem, the internal conversion ratio equals
unity at a zircaloy absorption ratio of 0.027. Figure 7.4 shows that in
the 20,000 mwd/t cases from chapter VI, from which the lower curve in
figure 7.6 was derived, the conversion ratio equals unity at a zircaloy
absorption ratio of 0.083. If the lower curve in figure 7.6 is shifted
horizontally to the left by an amount (0,056) sufficient to place at a
zircaloy absorption ratio of 0.027 the point in the curve at which the
slopes become discontinuous, it is seen that the increase in OR/SR in
the example problem for an increase in the zircaloy absorption ratio
from zero to 0.05 is 0.062 - 0.030' = 0.032. We then have for the example
problem at an average specific power of 3000 kw/kg fissile and a zircaloy
absorption ratio of 0.05,
a. (o.63 Z - Xo094 4 0.03-)= 0.758 (7D5)
5R
Upon substituting into equation (7D4) the values of CR = 0.965 from
table 7.2, OR/SR = 0.758 from equation (705) and B = 0.02, the following
expression results:
CR = 0-965 = 0.951 (7D6)
I - o.oz x 0.75
The conversion ratio with reprocessing loss for the example problem is
therefore about 0.95.
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S. Total power in the core
The results of section VID show that as long as there is a blanket
of fixed thickness surrounding the core to stop most of the neutrons
leaking out of the core, the zonversion ratio does not vary significantly
with decreasing total power. Therefore the conversion ratio which
results from increasing the other three secondary variables will be
valid for any total thermal power greater than 500 MW(th).
6. Combined effect of changed variables
Figure 7.7 summarizes the conversion ratio results of increasing
the average specific power, the zircaloy absorption ratio and the
reprocessing loss for the example problem. The conversion ratio which
results from the MRA procedure described in this section VIIB is about
0.95.
This value may be considered representative of the CANDU reactor if
operated at feed enrichment which leads to a reactivity-limited burnup
of 20,000 mwd/t.
7. Cases in which the value of average specific power for which the.
conversion ratio equals 1.0 cannot be found.
It has been shown in section VIIB that in order to make good esti-
mates of the effect on the conversion ratio of increasing the average
specific power and the zircaloy absorption ratio, one must be able to
determine the values of these two secondary variables for which the
conversion ratio equals unity for the particular case under consideration.
This section suggests an approximate procedure when the conditions at
which the conversion ratio equals unity are not known.
In the example problem of section VIIB, the values of these two
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secondary variables for which the conversion ratio equals unity was
determined by the shapes of the curves near a conversion ratio of unity
of (i-1), absorptions by U236, Np237 and nonsaturating fission products
considered together, and 2 x Pa233 absorptions versus the particular
secondary variable for the 20,000 mwd/t burnup cases from chapter VI.
Examination of the curves of conversion ratio versus zircaloy absorption
ratio for burnups of 10,000, 20,000 and 30,000 mwd/t in figure 6.9 and
the curves of conversion ratio versus average specific power for the
three burnups in figure 6.26 shows that the only case in which it would
be difficult to estimate the value of a secondary variable at which the
conversion ratio equals unity would be the case in which the secondary
variable is the average specific power and the burnup is 10,000 mwd/t.
This is because for a burnup of 10,000 mwd/t, it would be difficult to
estimate the shapes of the curves near a conversion ratio of unity of
(1j-1), absorption by U236, Np237 and nonsaturating fission products
considered together, and 2 x Pa233 absorptions versus average specific
power, as is shown in figures 6.27 and 6.28. In the case of an example
problem using a burnup of 10,000 mwd/t, one can assume that the curves
of (i -1), absorptions by U236, Np237 and nonsaturating fission products
considered together, and 2 x Pa233 absorptions versus average specific
power
a. pass through the correct values from table 5.1 at 1000 kw/kg fissile
for the example problem, and
b. are parallel to the curves of the same items which can be derived
from table 6.1.
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C. Less Refined Approximate (LRA) procedure for estimating conversion
ratios
The Less Refined Approximate (LRA) procedure for estimating the
effect of the average specific power in the core and the zircaloy absorp-
tion ratio on the conversion ratio using the results of this thesis will
now be described. Refer to the curves of conversion ratio versus average
specific power in figure 7.3 and conversion ratio versus zircaloy absorp-
tion ratio in figure 7.4. It is seen that in both figures, the curves
for the estimated cases (dashed curves) and for the "master" cases
(solid curves) from chapter VI are similar in shape. In order to make an
estimate of the change in the conversion ratio with increasing average
specific power and zircaloy absorption ratio which is more rapid but less
accurate than the estimate arrived it in section VIIB, one can merely
sketch in the curves of conversion ratio versus average specific power
and zircaloy absorption ratio, using as a guide the "master" conversion
ratio curves for the particular burnup and secondary variable from
chapter VI. An example problem in which the LRA procedure is used is
given in section VIID3.
D. Comparison of results from the MRA and LRA procedures with a computer
calculation and a conversion ratio calculated by the Oak Ridge
National Laboratory.
1. Introduction
Although no other study has been made of the conversion ratios in
thorium - U233 fueled heavy water moderated and cooled reactors for the
same combinations of values of design variables as were used in this
work, it is possible and instructive to compare conversion ratios
obtained from this work with the conversion ratio of an
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economically optimized design of a reactor of this general type calculated
by the Oak Ridge National Laboratory (Rl). Case G4 of the Oak Ridge
study, with which the results of this thesis are to be compared, was
similar to the reactors studied in this work in many respects, but had
fuel elements consisting of three concentric tubes. Table 7.3 compares
the general characteristics of the reactor considered in this study and
the reactor of Oak Ridge Case G4 as well as the calculation methods
used for each.
A principal effect on the conversion ratio of the fuel element
design is through the effective resonance integral of ThO 2 The mean
chord length, 1, of a lump of fuel is calculated by equation (7D7):
1 - 4(lump volume) (7D7)
(lump surface)
For a cylindrical rod, 1 equals the rod diameter. For the three con-
centric tubes used in the Oak Ridge study, 1, calculated by equation (7D7),
is about 1/2 inch. However, the "effective" lump surface for the three
concentric tubes is less than the "actual" lump surface because the
inner surfaces are shielded from resonance neutrons by the outer surfaces.
This would make the mean chord length or fuel rod equivalent diameter
greater than 1/2 inch. For purposes of the estimates of the conversion
ratio to be made in this section VIID, it is assumed that a fuel rod
diameter of one inch is equivalent to the three concentric tubes of
the Oak Ridge case G4.
Table 7.4 lists values of the three primary variables and four
secondary variables which have been selected as most nearly descriptive
of Oak Ridge case G4. The reactor represented by these variables will
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be referred to as Reactor "A." In the Oak Ridge case, no blanket was used,
and neutron leakage from the core led to a loss of neutrons amounting to
0.025 times the consumption of neutrons by fissile material. Because of
the two-foot thick blankets used in the present work, neutron leakage
losses are much smaller than in the Oak Ridge case. This difference be-
tween the Oak Ridge reactor and the present one will be taken into account
by estimating the neutron leakage loss for a blanketed 8333 MW(th) reactor
and then estimating the effect of increasing the leakage loss to 0.025 on
the conversion ratio of the blanketed reactor.
Since the Oak Ridge calculation did not consider reprocessing losses,
these are taken to be zero for Reactor "A" and the conversion ratio used
is the internal conversion ratio.
In section D.2, following, the conversion ratio of this Reactor "A"
is estimated by the MRA procedure of section VIIB; in section D.3, the
LRA procedure is used; and in section D.4 the conversion ratio is calcu-
lated in detail by the present computer code. Section D.5 compares these
calculations of the conversion ratio with a value of 0.8255 obtained by
Oak Ridge (R1).
2. More Refined Approximate procedure
The first step is to estimate, with the aid of table 5.1, the values
of the various neutron balance items for the values of the primary vari-
ables listed in table 7.4 and the following secondary variables:
Average specific power in core, kw/kg fissile 1000
Zircaloy absorption ratio 0.0
Initial overall fast and thermal leakages from reactor
(Because of the absence of a blanket in ORNL case G4, t is
variable replaces total thermal power in the core or B
as the related secondary variable.) g 0.0034
Reprocessing loss 0.0
These values of average specific power in the core, zircaloy absorption
ratio and reprocessing loss are the same as those used in table 5.1. The
value of initial overall fast and thermal leakages from the reactor of
0.0034 is a result of the interpolation and extrapolation in table 5.1
and is consistent with a total power in the core of 8333 MW(th). The
estimates of the values of the neutron balance items are listed in the
first column of table 7.5. This table is of the same form as table 7.1.
The values of the group 1 and group 2 neutron balance items are estimated
by interpolation and extrapolation in table 5.1. The values of the group 3
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neutron balance items are estimated with the use of figures 5.15, 5.16,
5.17 and 5.18 which were constructed from the data in table 5.1. The
initial values of the group 3 neutron balance items are plotted as point
B in figure 7.8, which is of the same form as figure 7.2.
The next step is to estimate the effect on the conversion ratio of
changing the secondary variables from the above values to those of table
7.4. When estimating the effect on the conversion ratio of the average
specific power, "master" curves of the group 3 neutron balance items for
the appropriate burnup (28,800 mwd/t, in this case) should be used, as
was done in section VIIB2. Likewise when estimating the effect on the
conversion ratio of the zircaloy absorption ratio, "master" curves of
(r-1) and U236, Np237 and nonsaturating fission products considered
together for the appropriate burnup should be used, as was done in
section VIIB3. However, no "master" curves for 28,800 mwd/t were cal-
culated in chapter VI. The 'master" curves from chapter VI for the
closest burnup, i. e., 30,000 mwd/t, do not extend below a conversion
ratio of 1.0, while the Oak Ridge case G4, with which the results of this
section are to be compared, has a conversion ratio of 0.84. Since the
objective of this section is to compare an estimated conversion ratio
using the results of this thesis with the calculated conversion ratio of
Oak Ridge case G4, the "master" curves for the 20,000 mwd/t results from
chapter VI will be used. These curves extend below a conversion ratio of
1.0 and, therefore, require less of an extrapolation than do the 30,000
mwd/t curves to reach the neighborhood of the Oak Ridge case G4 conversion
ratio of 0.84.
One then proceeds with the estimate of the effect on the conversion
ratio of changing the average specific power and the zircaloy absorption
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ratio using the MRA procedure as discussed in section VITB. Table 7.6
and figure 7.9 summarize the effect on the conversion ratio and its
components of the zircaloy absorption ratio. These are of the same form
as table 7.2 and figure 7.4, respectively. The steps in the MRA estimating
procedure are summarized in figure 7.10. The MRA procedure gives a con-
version ratio of 0.897. The increase in the overall fast and thermal
leakages from the reactor from 0,0055 (table 7.6) to 0.025 decreases the
conversion ratio further by 0.019 to a final estimate of 0.878 as compared
to the Oak Ridge value of 0.84, also plotted in figure 7.10.
3. Less Refined Approximate (LRA) procedure
The conversion ratio of Reactor "A" is now estimated using the
LRA procedure of section VIIC.
As in the case of the NRA procedure, the first step in the LRA pro-
cedure is to estimate the conversion ratio for the values of the primary
variables listed in table 7.4 and the values of the secondary variables
listed at the beginning of section VIID2, the previous section. This
value is 1.0419 as listed in the first column of table 7.5. This value
is plotted as the initial estimate in figure 7.11.
The next step is to estimate the effect on the conversion ratio of
changing the average specific power and the zircaloy absorption ratio
from the values listed at the beginning of the previous section to the
values of table 7.4. It was stated in section VIIC that the "master"
conversion ratio curves for the particular burnup (28,800 mwd/t, in this
case) and secondary variable from chapter VI should be used as guides in
this procedure. However for the reasons stated in section VIID2, the
"master" curves for a burnup of 20,000 mwd/t are used.
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The steps in estimating the effect on the conversion ratio of
changing the secondary variables to the values listed in table 7.4 are
illustrated in figure 7.11. Appropriate portions of the "master" con-
version ratio curves for the 20,000 mwd/t burnup cases from chapter VI
are shown as solid lines. The "master" curve of conversion ratio vs.
average specific power is from figure 6.15 and the "master" curve of con-
version ratio vs. zircaloy absorption ratio is from figure 6.1.
The "master" curve of conversion ratio vs. average specific power
is used as a guide in this example problem by shifting it horizontally
to the left and insuring that
(1) the point at which the slope is discontinuous remains on the ordinate
of conversion ratio = 1.0, and
(2) the curve passes through the initial value of the conversion ratio
of 1.0419.
The conversion ratio resulting from the increase in average specific power
from 1000 to 2700 kw/kg fissile is 1.012.
Next the "master" curve of conversion ratio vs. zircaloy absorption
ratio is used as a guide in this example problem by shifting it horizon-
tally to the left and insuring that
(1) the point at which the slope is discontinuous remains on the ordinate
of conversion ratio = 1.0, and
(2) the curve passes through the conversion ratio of 1.012
The conversion ratio resulting from the increase in zircaloy absorption
ratio from 0.0 to 0.07 is 0.906.
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Finally, the overall fast and thermal leakages from the reactor are
increased from 0.0034 to 0.025. This decreases the conversion ratio
further to a value of 0.884. This compares with the Oak Ridge value of
0.8255.
4. Calculation by computer code
Table 7.7 gives the detailed results of computer calculations of
the conversion ratio for Reactor "A," which is characterized by values
of the primary and secondary variables of Table 7.4, with one exception.
The neutron leakage fraction of 0.025 is replaced as a secondary variable
by a thermal power of 8333 mw, with a two-foot blanket, because the com-
puter code is designed for such a reactor. The conversion ratio cal-
culated for this blanketed reactor is 0.8662. The calculated fractional
leakage of fast and thermal neutrons is 0.0064. It is then estimated
that if the fractional leakage had been 0.025, as attributed to the Oak
Ridge case, the conversion ratio for the unblanketed reactor would have
been 0.8662 - (0.025 - 0.0064) = 0.8476.
Return now to the fact that the "master" curves used in both the
MRA and LRA procedures in section VIID are for a burnup of 20,000 mwd/t
while the actual burnup is 28,800 mwd/t. Referring to figure 6.26, it is
seen that the curve of conversion ratio vs. average specific power for
the 30,000 mwd/t case decreases more rapidly than for the 20,000 mwd/t
case. Likewise it is seen in figure 6.9 that the curve of conversion
ratio vs. zircaloy absorption ratio for the 30,000 mwd/t case decreases
more rapidly than for the 20,000 mwd/t case. Therefore, the final con-
version ratios for Reactor "A" estimated by the MRA procedure and the
LRA procedure should be lower than the values plotted in figures 7.10
and 7.11, respectively. This decrease can be conservatively estimated
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by rounding the estimated conversion ratios to the next lower two decimal
places.
5. Comparison of conversion ratio estimates
Conversion ratios calculated in these different ways for Reactor
"A," which is similar to Oak Ridge case G4, are compared below with
Oak Ridge's calculation:
More Less
Refined Refined MIT
Approximate Approximate Computer Oak Ridge
procedure procedure calculation calculation
0.87 0.88 0.8476 0.8225
The agreement between the MIT and Oak Ridge computer calculations is as
good as might have been expected, in view of the uncertainty introduced
in representing the three concentric tubes of the Oak Ridge design by a
solid rod of one inch equivalent diameter. The agreement among the MRA
and LRA procedures and the computer calculations is considered to be
good enough to confirm the utility of these approximate procedures in
estimating conversion ratios in heavy-water-moderated thorium-fueled
reactors with combinations of the principal design variables different
from those studies in this report.
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Table 7.1: Conversion Ratio and Its Components
for Various Average Specific Powers
Primary variables
burnup
Moderator/fuel volume ratio
Fuel rod diameter
Secondary variables
Zircaloy absorption ratio
Reprocessing loss
Total power
Initial
values
(Table 5.1)
20,000 mwd/t
20
1 inch
0
0
8333 MW(th)
Conversion
ratio a 1.0
Avg. spec. power, kw/kg fissile
Neutron balance items
Group 1
D20 absorption
"Sm" group absorption
Group 2
Overall fast leakage
Overall thermal leakage
Xe135 absorption
Total
Change in fast leakage
Change in- thermal leakage
Change in Xe135 absorption
Group 3
(ij -1)
Absorptions by
2 x Pa233
1U236 , Np237,Nonsat. fission productsi
1000
0.012105
0.013655
0.001762
0.001472
0.035579
0.038813
0.0000
0.0000
0.0000
1.252747
0.022590
0.086234
Conversion ratio,
(i -1) minus other items 1.079350
*Found by trial as described in text
**From figure 7.1
***From figure 7.2
Final
specific
power
5150*
0.0121
0.0137
0.0388
0.0033**
0.0021**
0.0078**
1.2397***
0.0620***
0.0999***
1.0000
3000
0.0121
0.0137
0.0388
0.0013**
0.0013**
0.0063**
1.2464***
0.0458***
0.0896***
1.0375
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Table 7.2: Conversion Ratio and Its Components for Various
Values of the Zircaloy Absorption Ratio
Primary variables
Burnup,
Volume of moderator/volume of fuel
Fuel rod diameter
Secondary variables
Average specific power
Reprocessing loss
Total power
Initial
values
(Table 7.1)
Zircaloy absorption ratio
Items independent of zircaloy abs.
D20 absorption
Leakage plus Xe135 absorpti.on
2 x Pa233 absorption
"Sm" group absorption
Items dependent on zircaloy abs.
Absorptions by
U236, Np237,
Nonsat. fission products)
(6 -1)
Conversion ratio)
(? -1) minus other items
0.0000
0.0121
0.0477
0.0458
0.0137
0. 0896
1.2464
1.0375
20,000 mwd/t
20
1 inch
3000 kw/kg fissile
0
8333 MW(th)
Conversion
ratio = 1.0
0.0270
0.0121
0.0477
0.0458
0.0137
0. 0956*
1. 2419*
1.0000*
Final
zircaloy
ratio
0.0500
0.0121
0.0477
0.0458
0.0137
0.1000*
1.2345*
0.9652*
*From figure 7.4
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Table 7.3: Comparisons between some characteristics of the Th0 2 -UO2
fueled D20 moderated power reactors presented in chapter VII
of this work and in ORNL 3686 (case G4)
Item
Nuclear
model
Fueling
method
Fuel
element
Chapter VII, this work
Diffusion theory; 1 fast
group; 1 thermal group;
2 dimensions in cylin-
drical coordinates
Continuous steady state
bidirectional with
recycle
Th02-UO2 in a 1 inch
diameter cylindrical
rod; zircaloy cladding.
Vibratory compacted and
swaged to 92% of theo-
retical density
ORNL 3686 (case G4)
Diffusion theory; 20 fast
groups; 4 thermal groups;
zero dimensions
Simulated bidirectional
with recycle
Th02-UO2 in 3 concentric
tubes: 0.22" - 0.30" fuel
thickness; 3.80" - 1.31"
outside diameters; 0.25"
thick zircaloy cladding;
zircaloy pressure tube
and liners. Vibratory
compacted and swaged to
92% of theoretical
density
Reference (G1,G2,G3)Nuclear
data
H20 in D2 0
D2 0
temperature
Fuel
temperature
Radial and
axial blankets
0.25% by weight
80*C
1200'C
2 feet thick
Same
Same
Same
Unknown
None
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Table 7.4: Primary and Secondary Variables for Reactor "A"
Assumed Equivalent to Oak Ridge Case G4
Primary variables
Feed burnup, mwd/t 28,800
Volume moderator/volume fuel 16.6
Assumed fuel rod equivalent diameter, inch 1
Secondary variables
Average specific power in core, kw/kg fissile 2700
Zircaloy absorption ratio 0.07
Overall fast and thermal leakages from reactor
(Because of the absence of a blanket, this
replaces total thermal power in the core or
B2 as the related secondary variable.) 0.025
R
Reprocessing loss 0.0
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Table 7.5: Conversion Ratio and Its Components for Various
Average Specific Powers for Reactor "A"
Primary variables
Burnup
Volume of moderator/volume of fuel
Assumed fuel rod equivalent diameter
Secondary variables
Zircaloy absorption ratio
Reprocessing loss
initial overall fast and thermal leakage
from reactor
Initial values
(Interpolation
and extrapolation
in Table 5.1)
28,800 mwd/t
16.6
1 inch
0
0
0.0034
Conversion
ratio = 1.0
Avg. spec. power,.kw/kg fissile
Neutron balance items
Group I
D20 absorption
"Sm" group absorption
Group 2
Overall fast leakage
Overall thermal leakage
Xe135 absorption
Total
Change in fast leakage
Change in thermal leakage
Change in Xe135 absorption
Group 3
(6.1)
Absorptions by
2 x Pa233
f36, Np237,
(Nonsat. fission productsi
onversion ratio,
(i -1) minus other items
1000
0.0091
0.0132
0.0022
0.0012
0.0342
0,~376
0.0000
0.0000
0.0000
1.2429
0.0246
0.1165
1.0419
*Foud by trial as described in text, section
**From figure 7.1
**From figure 7.8
Final
specific
power_
3080*
0.0091
0.0132
0.0376
0.0014**
0.0013**
0.0064**
1.2360***
0.0402***
0.1268***
1.0000
2700
0.0091
0.0132
0 .0376
0.0010**
0.0011**
0.0058**
1.2373***
0.0380***
0.1244***
1.0071
VII B2
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Table 7.6: Conversion Ratio and Its Components for Various Values
of the Zircaloy Absorption Ratio for Reactor "A"
Primary variables
Burnup
Volume of moderator/volume of fuel
Assumed fuel rod equivalent diameter
Secondary variables
Average specific power
Reprocessing loss
Overall fast and thermal leakages from reactor
Initial
values
(Table 7.5)
Zircaloy absorption ratio
Items independent of zircaloy abs.
D20 absorption
Leakage plus Xel35 absorption
2 x Pa233 absorption
"Sm" group absorption
Items dependent on zircaloy abs.
Absorptions by
236, Np237,
onsat, fission productsj
(ij-1)
Conversion ratio,
(ii-l) minus other items
0.0000
0.0091
0.0455
0.0380
0.0132
0.1244
1.2373
1.0071
28,800 mwd/t
16.6
1 inch
2700 kw/kg
0
0.0055*
Conversion
ratio = 1.0
0.0045**
0.0091
0.0455
0.0380
0.0132
0.1262***
1.2365***
1.0000
*From table 7.5
*Found by trial as described in text, section VIIB3
***From figure 7.9
fissile
Final
zircaloy
ratio
0.0700
0.0091
0.0455
0.0380
0.0132
0.1418***
1.21S0***
0.8974
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Table 7.7: Results of Computer Calculation for Reactor "A" Assumed
Equivalent to Oak Ridge Case G4
Burnup
Vol.mod./vol.fuel
Rod dia.
Avg.spec.power
Abs.ratio, Zr/fuel
Vol.ratio, Zr/fuel
Reprocessing loss
Total power
Prod. of fast neutrons
Res. fission of U233
Res. fission of U235
Thermal fiss. of U233
Thermal fiss. of U235
Total (-
Net fast leakage out of
Core
Blanket
Neuts.reach.res.energy
Resonance absorptions
Th232, Core
Th232, Blanket
Pa233
U233
U234
U235
U236
Np237
Net prod. of thermal
neutrons
28,800 Mwd/t
16.6
1.0 inch
2700 kw/kg
0.0706
0.70
0.00
8333 Mw(th)
Neutron Balance
Cons. of thermal neutrons
0.380520
0.048108
1.337332
0.427951
2.193911
0.045364
-0.040399
2.188946
0.280999
0.005755
0.021404
0.178241
0.052720
0.030600
0.037722
0.010154
1.571351
Overall therm. leakage
Abs. by Th232, core
Th232, blanket
Pa233
U233 fission
U233 capture
U234
U235 fission
U235 capture
U236
Np237
Xe135
"Sm" group
Non.sat.f.p.'s
D 0
Zircaloy
Total consumption of
thermal neutrons
Conversion ratio 0.866169
Material Quantities
Inventory
0.001406
0.464877
0.037569
0.005401
0.534292
0.049818
0.050325
0.176112
0.030938
0.004382
0.006153
0.038410
0.013516
0.081845
0.005013
0.070565
1.570622
Core Th232
Pa233
U233
U234
U235
U236
Np237
Total
Blanket Th232
Pa233
U233
U234
Core radius
Core height
Mass,
kg
142350
267.39
2338.8
1137.8
746.49
1690.8
80.26
148611.54
85094
4.800
4.695
0.009
12.75 ft.
23.52 ft.
Mass
Fraction
0.957867
0.001799
0.015738
0.007656
0.005023
0.011377
0.000540
1.000000
Input
276.40
0
5.2655
2.1795
2.2956
3.2073
0
289.3479
Output
268.96
0.4515
4.3815
2.1787
0.9358
3.2040
0.2628
280.3743
-- 24996 24995
-- 0 0.3106
-- 0 0.1205
-- 0 0.0004
25
S - 2.5933 x 10 fissile atoms/day
OR = 1.6011 x 1025 fissile atoms/day
0R /S - 0.6174
Flow Rate,
kg/day
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Figure 7.7 : Steps in Example of Estimate of Effect of Changing All Secondary
Variables on Conversion Ratio
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CHAPTER VIII
CONCLUSIONS
The comparisons of the previous chapter have shown that the results
of this work can be used to estimate the conversion ratios of reactors
fueled with thorium and moderated by heavy water for widely varying
values of the principal design variables.
This work has shown that one of the prime requirements for a high
conversion ratio in the Th232-U233 system is that Th232 have a high
effective resonance integral, such as that afforded by a small diameter
fuel rod. If tne fuel element designs commonly considered in D 2 0
reactor design studies, such as the concentric tubes of the Savannah
River Laboratory or the fuel bundles of CANDU, are to be considered
for a Th232 fueled, D 0 moderated reactor with a high conversion ratio,2
every effort should be made to insure that these fuel elements give
a high effective resonance integral for Th232.
It is interesting to note that Sharma (S2), in a study of thermal
converters fueled with U238-Pu239, found that in order to obtain a high
conversion ratio in that system, one must use massive fuel elements in
order to take advantage of the fast fission effect in U238. In this
study of the Th232-U233 system, however, in which the fast fission
effect of Th232 is neglected and would be very small in any event,
it was found that the fuel elements should be of small dimensions to
produce a high effective resonance integral in Th232 in order to obtain
a high conversion ratio.
The reliability of the absolute values of the conversion ratios
presented here has not been closely defined. However, the magnitudes
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of the conversion ratios obtained for some of the cases studied are
sufficiently high to suggest that it would be possible to design a
heterogeneous, D 20 moderated, Th232-U233 fueled reactor which would
breed. However, the Oak Ridge study (Rl), which included economic
optimization rather than optimization on the basis of conversion
ratio, shows that the conversion ratio for combinations of design
variables which represent economically attractive designs is around
0.85, far below unity. To obtain a conversion ratio over unity in
an operable, but less economic reactor, the results of Chapter VI
show that it would be necessary to use burnups under 20,000 mwd/t,
to increase the moderator/fuel volume ratio to 30, to decrease the
rod diameter to around 1/4 inch, to use specific powers under 1000
kw/kg fissile, and to use a zircaloy/fuel volume ratio under 0.9.
All but the last of these lead to higher power costs than the Oak
Ridge case.
Despite the fact that when designed for low-cost power this
type of reactor will not breed, the Oak Ridge study shows that
thorium fueled heavy water moderated converters would require less
than one-third as much natural uranium makeup to produce power as
would heavy water moderated converters using U238 as the fertile
material. This result suggests that the thorium-fueled heavy
water reactor may be useful in "holding the line" against rapid
depletion of fissile resources during the time of an expanding
nuclear power industry (Dl) while the fast breeder technology
is being developed. The results of the present report can be
used in the design of such a reactor.
286
APPENDICES
287
APPENDIX A
DERIVATION OF THE WESTCOTT r FACTOR
In order to select from reference (\ IW2) the correct value of
4T~, (e. , the effective 2200 m/s cross section for the nonsaturating
fission products as a function of the 2200 m/s flux time 9, one must
determine an approximate value of the Westcott r factor in the fuel. The
derivation follows reference (M2). The following assumptions are made:
1. The entire resonance absorption in Th232 takes place at a higher
neutron energy than any resonance absorption in any other nuclide. The
resonance absorption in nuclides other than Th232 takes place close to
thermal energy.
2. The flux per unit energy in the resonance region has a l/E dependence.
3. -The resonance flux is spatially constant throughout the fuel and
moderator of the unit cell
4. The thermal neutron flux in the derivation of the Westcott r factor
follows the Maxwell-Boltzmann distribution.
S. The thermal neutron flux actually calculated in this work and assumed
to follow the Wilkins distribution is equal to the Maxwell-
Bolt zmann flux (nMB MB)*
The Westcott r factor in the fuel is defined as fol.lows:
r w -e b, i (A 1)
4 +,AeJ I +%&P_ 1 M B
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where
nep = density of neutrons in the epithermal energy group.
nMB = density of neutrons following the Maxwell-Boltzmann
distribution.
= 5. From the epithermal cutoff energy of ,L&T where
T = modal temperature of the Maxwellian distribution
of neutrons.
Using assumption 1, the slowing down density in the unit cell below the
Th232 resonance energy and close to thermal energy is
thP (Az
where
3 -q = fast source in the unit cell, (sec-cm of cell).
P02 = resonance escape probability from Th232.
PI = fast neutron nonleakage probability.
Using assumption 2, the epithermal component of the total flux in the
unit cell, corresponding to Ath, is
d~ ~ E_ __ -sVmS : VnE
where
S slowing down power of the moderator, cm"1.
V = volume fraction of the moderator in the unit cell.
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The density of epithermal neutrons in the unit cell, correspcnding to
Ath'9 is
-KT
8E ____ 7 rS Z'SVr I t'K
m - neutron mass
By assumption 3,
fuel cell
nepi nepi
By assumption 4,
where
4' MB a Maxwell-Boltzmann thermal flux = (nMB MNB)
By assumption 5,
&KT
where
4 = Wilkins thermal flux averaged over the unit cell a (n )
Inserting the thermal disadvantage factor,
5JxT
where
(A4)
nmb = 46
(A 5)
(A6)Trm
8KT
(A 7)
(A68)
call
nap;
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where
r' = 4 i/ cPIu
Inserting (AS) and (A8) into (A1), the final result reduces to
1' =
q/ Fz ,
(As)
4L~Trq,/4 >.1F
5 Ys Vm F?
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APPENDIX B
DATA
1. Thermal data
The thermal cross sections used in this work are listed in table Bl
as a function of v/vE0 4 14 , where
v = neutron velocity of interest
VE=0.414 a neutron velocity corresponding to the thermal cutoff
energy of 0.414 ev
The thermal cross sections are for the following nuclides: absorption
cross sections of Th232, Pa233, U233, U234, U235, U236, Np237, the "Sm"
group and Xel3S; fission cross sections of U233 and U235.
The "Sm" group cross sections are based on the following distribution
of fissions among the fissile nuclides: U233, 85%; U235, 15%; Th232, 0%.
As stated in section IVC1, it is not necessary that microscopic cross
sections for the "Sm" group be used at all since it is a saturating fis-
sion product.
For v/v E=0.414 = 0, the cross section for each nuclide is given as
1.0. Any value could be used since d4t/du = o at v/vE=0. 4 14 = 0,
where d4 /dx is defined near equation (4C20).
The values of ) used in the thermal energy region are the same
as at the lower end of the resonance region, listed in table B2.
2. Resonance data
The basic resonance data for the six dilute fuel nuclides are in
table B2 and are from (G1). The nuclides are Pa233, U233, U234, U235,
U236 and Np237. The data consist of the absorption cross sections versus
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lethargy interval from 0.414 to 10 ev. In addition, the fission cross
sections for U233 and U235 versus lethargy interval are included.
These absorption data are used as described in section VIC2 to deter-
mine the homogeneous effective absorption resonance integrals of these
six nuclides as a function of T' M, the moderator potential scattering
cross section per absorber nucleus in a homogeneous mixture, The result
for U233 is shown in figure 4.9, A fourth order polynomial is then fitted
to the effective absorption resonance integral versus for each
fuel nuclide. The result is as follows:
*ff I+
S +- a..x + bx - c6xs + dx4 (B i)
where
1eff
abs
abs =
x =
effective absorption resonance integral, barns
infinitely dilute absorption resonance integral, barns
- , (barns)-l
G~M
a
-0.3874x106
-0.3441x106
-0.9989x106
-0.4746x105
-0.1927x106
-0.1037x107
b
0. 1917x10 9
0. 1923x10 9
0.1003x101 0
0.7105xl0 7
0. 1250x10 9
0.7849x109
c
-0.6696x101 1
-0.7672x10 11
-0.4957x10 12
-0.1119x1010
-0.4940x10 1
-0.3500x10 12
d
0.1045x10 14
0.1300x10 1 4
0.9233x10 1 4
0.1116x10 12
0.8164x101 3
0.6228x10 1 4
These constants cover the range of r o
and
Nuclide
Pa233
U233
U2 34
U23S
U2 36
Np237
from 500 barns to infinity.
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The resonance data is also used to calculate the following items:
1. Fraction of the resonance absorption above 5 ev for Pa233, U233, U235,
and Np237. See equation (4C41) and figure 4.10.
2. o( pthermal for U233 and U235. See equation (4C39) and table B3.
3. o epthermal for U233 and U235. See equation (4C40) and table B3.
4. Vepithermal for U233 and U235. See equation (4C42) and table B3.
5. nepithermal for U233 and U235. See equation (4C43) and table B3.
3. Miscellaneous data
Miscellaneous data and their references are listed in table B3.
The densities of ThO2 and UO2 are 92% of theoretical density due to
fuel element fabrication by vibratory compaction and swaging. This is
the fabrication method and theoretical density recommended by reference
(R1).
The microscopic absorption cross section and Fermi age of heavy
water are based on a H20 content of 0.25% by weight. This weight percent
of H20 was suggested by reference (R1).
The yields of the "Sm" group are based on the following individual
yields of the components of the "Sm" group (G3):
Fissile -- Components of "Sm" group
Nuclide Sm149 Sm1l RhOS Cd113 Eul55 Gdl57
U233 0.0077 0.0035 0.005 0.0002 0.0002 6.35 x 10-5
U235 0.0113 0.0044 0.009 0.00011 0.00033 7.8 x 10-5
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Table Bl: Thermal Point Cross Sections of the Fuel Nuclides
over the Range 0 to 0.414 ev (G1,G2,G3)
Th232 Pa233 U233(abs)
0
0.021
0.042
0.063
0.083
0.104
0.125
0.146
0.167
0.188
0.208
0.229
0.250
0.271
0.292
0.313
0.333
0.354
0.375
0.396
0.417
0.438
0.458
0.479
0.500
0.521
0.542
0.563
0.583
0.604
0.625
0.646
0.667
0.688
0.708
0.729
0.750
0.771
0.792
0.813
0.833
0.854
0.875
0.896
0.917
0.938
0.958
0.979
1.0
1.0
91.0
45.0
30.0
23.3
18.0
15.0
12.8
11.2
10.0
8.99
8.16
7.46
6.87
6.37
5.92
5.54
5.20
4.89
4.62
4.37
4.15
3.94
3.76
3.58
3.42
3.28
3.14
3.01
2.89
2.78
2.68
2 58
2.49
2.40
3.62
2.24
2.16
2.09
2.03
1.96
1.90
1.84
1,79
1.73
1.68
1.63
1.58
1.S4
1.0
517
257
171
128
102
85.0
73.0
63.5
56.8
51.1
46.4
42.5
39.2
36.3
33.9
31.7
29.8
28.1
26.6
25.2
24.0
22.9
21.9
20.9
20.1
19.3
18.5
17.9
17.3
16.7
16.1
15.6
15.2
14.8
14.4
14.0
13.6.
13.3
13.0
12.8
12.5
12.3
12.1
11.9
11.7
11.6
11.4
11.3
U233(fis)
1.0
6800
3400
2260
1700
1360
1130
970
850
759
682
619
567
523
485
452
423
398
375
354
336
319
304
290
278
266
256
247
238
232
228
225
223
219
214
208
202
196
191
186
181
177
173
169
166
162
159
157
154
U234 U235(abs)
1.0
6550
3240
2140
1600
1270
1050
900
790
697
626
568
520
479
444
413
387
363
342
323
306
290
276
263
251
240
230
220
212
206
203
201
200
198
195
192
188
184
180
175
171
167
163
160
156
153
150
147
144
1.0
1400
680
442
329
261
215
182
159
140
126
114
104
95.2
87.9
81.6
76.0
71.0
66.6
62.6
59.0
55.7
52.7
50.0
47.4
45.1
42.9
40.9
39.1
37.3
35.7
34.1
32.7
31.3
30.0
28.8
27.7
26.6
25.6
24.6
23.7
22.8
22.0
21.2
20.4
19.7
19.0
18.4
17.7
S=0 414
1.0
9900
4700
3000
2220
1740
1420
1200
1040
925
825
742
673
614
564
520
481
447
416
389
364
342
322
305
289
275
262
251
241
232
224
219
214
212
213
215
222
230
238
242
238
228
216
201
186
169
153
137
126
,
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Table Bl: (continued)
v/vE.0.414 U235(fis) U236 Np237 "SmI" Xe
0 1.0 1.0 1.0 1.0 1.0
0.021 9000 71.0 2050 10.4 x 04 13.2 x 106
0.042 4200 35.3 1020 6.70 8.10
0.063 2670 23.6 680 5.22 6.20
0.083 1940 17.6 508 4.35 5.05
0.104 1520 14.2 408 3.80 4.35
0.125 1240 11.8 340 3.40 3.85
0.146 1040 10.2 289 3.09 3.45
0.167 900 8.90 253 2.84 3.15
0.188 789 7.93 224 2.63 2.90
0.208 704 7.13 202 2.48 2.78
0.229 633 6.47 183 2.37 2.69
0.250 574 5.93 168 2.32 2.64
0.271 523 5.47 155 2.30 2.63
0.292 480 5.08 144 2.33 2.65
0.313 442 4.73 134 2.41 2.68
0.333 408 4.43 126 2.55 2.72
0.354 379 4.17 119 2.77 2.80
0.375 353 3.93 112 3.09 2.86
0.396 329 3.72 106 3.52 2.90
0.417 309 3.53 101 4.10 2.88
0.438 290 3.36 96.1 4.78 2.79
0.458 273 3.20 91.7 5.40 2.63
0.479 258 3.06 87.7 5.52 2.40
0.500 245 2.93 84.0 5.15 2.12
0.521 233 2.81 80.7 4.40 1.82
0.542 222 2.70 77.6 3.38 1.53
0.563 212 2.60 74.7 2.40 1.26
0.583 204 2.50 72.0 1.76 1.03 x 106
0.604 196 2.41 69.6 1.30 x .04 8.28 x 05
0.625 189 2.33 67.2 9870 6.73
0.646 184 2.25 65.1 7740 5.53
0.667 179 2.18 63.0 6170 4.63
0.688 176 2.11 61.1 5000 3.88
0.708 175 2.05 59.3 4060 3.20
0.729 176 1.98 57.6 3360 2.64
0.750 180 1.93 56.0 2800 2.18
0.771 185 1.87 54.5 2360 1.82
0.792 190 1.82 53.1 2020 1.54
0.813 193 1.77 51.7 1770 1.32
0.833 191 1.73 50.4 1550 1.12 x 05
0.854 186 1.69 49.2 1370 9.57 x 104
0.875 178 1.64 48.0 1240 8.27
0.896 169 1.61 46.9 1130 7.17
0.917 157 1.57 45.8 1030 6.20
0.938 145 1.53 44.8 945 5.41
0.958 132 1.50 43.9 879 4.75
0.979 119 1.47 42.9 827 4.21
1.0 110 1.44 42.0 776 3.71 x 04
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Table B2: Resonance Cross Sections of the Fuel Nyclides as a Function
of Lethargy over the Range 0.414 to 10 ev (G1)
The resonance cross section data from reference (GI) consist of
cross sections over each of 68 - 0.25 lethargy intervals from 0.414 to
107 ev for each of the six dilute fuel nuclides. The lethargies and
energies (ev) at the bottom of each of these 68 lethargy intervals are
given in this table, in addition to the cross section data themselves.
Some of the 68 lethargy intervals for the various dilute fuel nuclides
are further subdivided, as described in section IVC2a(I). The value
of the lethargy at the bottom of each of the new subdivided intervals
can be easily determined from the information for each of the six dilute
fuel nuclides.
Table B2: (continued)
Interval u(lower) E (lower)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
17.00
16.75
16.50
16.25
16.00
15.75
15.50
15.25
15.00
14.75
14.50
14.25
14.00
13.75
13.50
13.25
13.00
12.75
12.50
12.25
12.00
11.75
11.50
11.25
11.00
10.75
10.50
10.25
10.00
9075
9.50
9025
9.00
8.75
0.414
0.532
0.683
0.876
1.125
1.44
1.86
2.38
3.06
3.93
5.04
6.48
8.32
10.68
13.7
17.6
22.6
29.0
37.3
47.9
61.4
78.9
101
130
167
215
275
354
454
583
748
961
1230
1590
Interval u(lower) E(lower)
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
8.50
8.25
8.00
7.75
7.50
7.25
7.00
6.75
6.50
6.25
6.00
5.75
5.50
5.25
5.00
4.75
4.50
4.25
4.00
3.75
3.50
3.25
3.00
2.75
2.50
2.25
2.00
1.75
1.50
1.25
1.00
0.75
0.50
0.25
2.04 x.
2.61
3.36
4.31
5.53
7.10
9.12 x
1.17 x
1.50
1.93
2.48
3.18
4.09
5.25
6.74
8.65
1.11
1.43
1.83
2.35
3.02
3.88
4.98
6.39
8.21
1.05
1035
1.74
2.23.
2.87
3.68
4.72
6.07
7.79
x
x
x
x
103
103
104
10
105
t
105
106
i
x 106
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Table B2: (continued)
Pa233- U234
labs a 925 barns labs = 689 barns
AU AU.l o~u. ALL 6ca. AL. 61
0.25 10.6 0.25 0.0921 0.25 21.0 0.25 8.58
9.39 0.0812 18.5 7.14
36.4- 0.0717 16.0 5.40
34.5 0.0633 13.3 4.10
430 0.0558 10.8 3.23
847 0.0493 8.20 2.76
33.2 0.0435 6.00 2.26
144 0.0384 4.00 1.92
198 0.0339 3.00 1.63
592 0.0299 2.50 1.38
31.2 0.0264 2276 1.12
30.8 0.0233 1.60 0.988
374 0.0205 1.20 0.862
30.2 0.0181 0.800 0.762
30.0 0.0160 0.600 0.675
264 0.0141 0.400 0.587
29.6 0.0125 0.300 0.507
29.4 0.100 98.8 0.443
184 0.499 0.631 0.394
29.1 0.639 51.8 0.300
29.0 0.921 0.25 13.7 0.270
128 1.02 0.0308 2.04 0.250
28.8 1.12 0.2192 29.5 0.230
88.8 1.15 0.0779 6.45 0.230
28.7 1.21 0.1721 19.2 0.310
10.6 1.24 0.0838 23.4 0.560
0.413 1.30 0.0832 24.0 0.790
0.364 1.34 0.0830 24.3 1.20
0.321 1.37 0.0923 25.5 1.33
0.284 0.25 1.37 0.0328 14.8 1.33
0.250 0.1249 26.5 1.45
0.221 0.25 2.83 1.54
0.195 0.115 11.1 1.51
0.172 0.135 11.0 1.55
0.152 0.0390 11.5 1.56
0.134 0.2110 18.5 1.50
0.120 0.25 11.6 1.90
0.25 0.104 0.25 9.26 0.25 2.35
Table B2: (continued)
U236 ' 1 10
Ibs 311
0.25
0. 25
0.0909
0.1591
0. 25
0.25
0.2020
0.0480
0.25
0.25
0.119
0.131
0.25
0.25
barns
ALL U 0
0.25
0.25
1.76
1.46
1.29
1.13
0.981
0.803
0.734
0.660
0.602
0.547
0.485
0.426
0.378
0.~333
0.280
0.240
0.210
0.180
0.150
0.140
0.130
0.140
0.210
0.440
0.710
0.790
0.850
0.920
0.950
0.950
0.920
1.60
2.05
Np237
'abs
nLL
1.40
1.20
1.00
0.900
0.800
0.700
0.600
0.500
0
0
893
0
0
0
2.00
2.00
2.00
17.5
60.5
91.2
2.00
50.2
36.1
31.2
10.7
5.85
10.2
8.68
10.0
9.57
7.36
4.31
3.83
3.45
3.15
2.91
2.52
1.98
- 1510 barns
dIzL n dUira
0.25
0.25
0.132
0.118
0.1891
0.0609
0.0512
0.1988
0.0688
0.0632
0.1180
0.25
0.25
0.25
0.25
5.62
4.76
4.01
3.38
2.84
2.38
1.99
1.67
1.40
1.17
0.980
0.824
0.694
0.588
0.501
0.429
0.370
0.321
0.284
0.254
0.242
0.275
0.443
0.758
1.13
1.55
1.68
1.73
1.74
1.71
1.62
1.49
1.46
1.90
2.19
299
1843
161
233
19.9
375
686
84.9
4.11
280
87.0
90.0
511
67.2
5.17
81.4
81.8
80.7
293
496
93.3
120
259
104
90.3
97.8
79.9
77.8
7.42
26.7
23.0
19.9
17.1
14.7
12.6
10.8
9.18
7.81
6.63
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Table B2: (continued)
-*-- U233
Iabs- 1012b, I = 865b
0.25 145 135 2.503 0.25 7.47 7.38 2.503
135 123 6.80 6.70 2.503
133 121 8.24 5.95 2.504
157 141 8.00 5.50
0.25 250 236 5.80 5.09
0.1567 363 5.40 4.76
0.0933 1396 671 4.90 4.42 2.504
0.25 565 458 4.60 4.14 2.51
103 75.0 4.35 3.91
142 125 4.00 3.60
5ev-,101 96.2 3.66 3.30
110 99.7 3.42 3.08
0.25 194 165 3.10 2.80
0.0477 8.80 112 2.88 2.61
0.2023 1S8J 2.65 2.40 2.51
0.25 137 117 2.58 2.35 2.52
108 83.5 2.52 2.30 2.52
160 112 2.48 2.28 2.53
92.0 79.5 2.47 - 2.28 2.53
75.7 54.6 2.31 2.15 2.54
32.7 25.6 2.13 2.00 2.55
53.4 40.4 2.07 1.96 2.57
46.3 34.1 2.02 1.95 2'.58
43.0 32.4 2.02 1.93 2.61
42.4 36.0 2.01 1.91 2.63
26.7 22.8 2.00 1.90 2.71
27.7 18.5 1.98 1.88 2.80
26.0 22.5 1.88 1.78 2.91
24.6 21.5 1.77 1.67 3.06
18.6 15.7 1.69 1.59 3.25
17.9 13.3 2.14 2.04 3.50
19.4 15.4 0.25 2.34 2.24 3.81
17.1 13.9
14.2 12.5
12.6 9.05
10.4 8.17
9.59 8.20
0.25 8.24 7.82 2.503
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Table B2: (continued)
U235
I a 483b, Ifs = 315b
AU 6-& 4,
0.25 104 90.1 2.43 0.0278 52.1 2.43
74.3 64.3 0.0199 52.1
62.8 55.8 0.0273 67.1
86.6 70.6 0.0176 o9.3 48.9
56.8 44.5 0.0316 30.9
19.7 16.0 0.0108 10.5
21.5 16.1 0.0252 82.8
0.25 17.4 13.3 0.0151 54.3
0.150 28.2 32.4 0.0180 . 24.7
0.100 80.0J 0.0234 37.7
0.25 Sev 2 3 .2  6.13 0.0411 69.5 63.0
0.0465 10.8 0.0412 86.8
0.0355 7.39 30.0 0.0527 133
0.0429 11.7 0.0736 180
0.1251 138 0.0176 5.27
0.25 40.6 24.4 0.0681 81.5 41
0.1440 256 0.0487 102
0.0413 35.5 0.0300 44.0
0.0235 15.5 105 - 0.0405 72.0
0.0248 18.9 0.0451 22.0)
0.0164 9.35 0.0451 164
0.0824 143 0.0367 151
0.1321 173 3.1 0.0455 29.0 61.9
0.0024 0.407 0.0584 147
0.0331 9.90 0.0359 66.6
0.0491 26.2 0.0284 8.07
0.0674 22.5 0.25 35.9 24.0
0.0338 44.3 38.9 39.6 26.4
0.0326 92.0 43.0 28.7
0.0341 157 38.6 25.7
0.0330 90.9 32.1 21.4
0.0357 33.4 36.5 24.3
0.0247 21.4 23.4 15.6
0.1185 172 68.0 20.2 13.5
0.0249 46.6 22.8 15.1
0.0462 115 18.7 12.6
0.0296 108~ 12.9 8.82
0.0451 2371 2.43 0.25 12.6 8.75 2.43
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Table B2: (continued)
U235
0.25 10.7 7.54 2.43
8.82 6.28
7.23 5.20
7.27 5.29
6.69 4.92
5.95 4.44
5.68 4.29
4.78 3.66
4.35 2.98
4.85 3.35
4.47 3.12
4.11 2.90
3.77 2.69
3.44 2.48
3.14 2.29 2.43
2.84 2.11 2.44
2.57 1.93
2.34 1.78
2.12 1.64 2.44
1.94 1.52 2.45
1.78 1.42 2.45
1.67 1.36 2.46
1.57 1.32 2.46
1.47 1.27 2.47
1.37 1.19 2.49
1.32 1.16 2.50
1.33 1.21 2.52
1.33 1.23 2.55
1.34 1.27 2.58
1.37 1.31 2.63
1.35 1.31 2.71
1.29 1.25 2.82
1.20 1.17 2.96
1.17 1.15 3.13
1.48 1.48 3.37
0.25 1.77 1.77 3.65
Table 83: Miscellaneous Data with References
9rn
P rM3
9.20/G6
100 09/G6
1.0782/El
X, sec'
2.93 x 10-7/H2
2.09 x 10-5/H2
124/Kl
rxzoo, barn
7.56/Gl
43/Gl
574/Gl
105/Gl
682/Gl
6/Gl
0.0026/El
T, 'C
1200/GS
80/M3 .
d's5*' b&rns
20/El
6.2/El
Cm
1.24/K1
(', barns
22/El
7.98/El
Y UZ35
0.0252/G3
0.0641/G3
O,, barns
12.28/El
6.15/E1
Th02
Xe
Heavy
water
Th0
2
Th
Pa
U233
U234
U23S
U236
Xe
Y U 2.33
0.0167/G3
0.0584/G3
0.0508/El
0.0220/ElHeavy
water
0
LA~
Table B3: (continued)
CfTrrIo) barns
0.212/M3
-* 12
T~3* , be.rns
10.59/El
7.5/El
10~3, barns
10.53/E1
Gi~ , 1barns
8.14/El
-atom
0.0429/El
ei
>sev
0.225/IV,G1
0.665/IV,G1
eks
(<sev
0.137/IVG1
0.259/IVG1
h ?5U
2.05/IV,G1
1.47/IV,G1
ri <sev
2.20/IVG1
1.93/IV,Gl
He l 'e,
4.;s, ,n, .. ,-ec
3.14 x 10-11/N3
3.14 x 10-11 /M3
Zr
02
S
0.509/El
U233
U235
Zr
Cj
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APPENDIX C
COMPUTER CODES
1. Chain-1
a. Logical flow diagram of MAIN
The basic FORTRAN computer code used in this work was written by
Hofmann (H2,S3) but has been extensively revised in the course of this
work. The theories behind the revisions are explained in detail in
chapter IV. Due to the large requirement of fast memory storage in this
work, the computations are divided into two codes: chain-1, which is
basically Hofmann's code and chain-2, which performs all of the calcula-
tions for the detailed neutron balance as listed in table 5.1. Although
the terms chain-1 and chain-2 are used, the actual CHAIN technique of
the FORTRAN system is not used.
The logical flow diagram of the MAIN program for chain-1 is shown
in figure Cl. This figure is comparable to figure 11.14, page 65 of
Hofmann. The flow diagram is largely self explanatory and when studied
in conjunction with Hofmann's explanation of his figure 11.14, will
become quite clear.
The only section of figure Cl which requires explanation here is
steps 19 through 31. Consider the following situation: you are making
your first computer run using a given set of input values and the initial
estimates of these values, whether read in or calculated by the code, are
very uncertain. That is, the initial estimates of the feed composition,
core dimensions, axial velocity of the fuel in the core, thermal flux and
fast flux are probably very poor. Refer now to the source terms for fast
and thermal neutrons in table 4.1. It is seen that these source terms
are made up of two parts: the fuel properties as calculated in subroutine
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Figure Cl: Logical Flow Diagram for Chain-1 MAIN Program
Read and . print
inpu+ dat.
Perform unit cell
geometry ca.lculations
PTC5- read In
t-herrnal cross sections -
CON5T (4.)
IZ-- 1 (5)
Ca. cufate. feed (6\
nuclidle concentratio0ns5
No
Yes:
sCore r&dis(8)
re.acd in
No
Estrenate core radius (9)
Calc.ula.te core heijht)
blanket and re-Flettor dimensions
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Figure Cl: (continued)
SPACONI
NUPROPY
IZ= I ?
IYes
No
GUESS
IFXRD > ? 7
.e.,are in;+;a.) fiuax esti mates
read in ? If 5o, read
then in. Ca.lls RESPRB
which reads in resonance
d a.+&.
CVLR D > 0 ?
i.e.) is irital estima.te. ot axiaI
velocity o+ cora. feed rea. in 7
No
(12)
(43)
(15)
Calculate &xi&l
C.ore. fue. ,
velocity 0+ (6)
Calculate axia.1 Valocit y o+
Fuel in bla.nKet
C al culat tivae 'ste s for +ue
in core. an d blanKe't
Yes
Read in initia.1 estirnte o+
l.xial velocity of Core fueIl
(17)
(18)
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Figure Cl: (continued)
09)
(20)
(22)
(23)
(24)
(26)
(27)
(28)
(29)
(30)
(~)
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Figure Cl: (continued)
Calcu&a±e output o+ nuclides
+rom core &md blanKei-
Calcula.te new feed enric hrme n-
ba.sed on latest critica.lity
Calcula.te new v&.lues o+ U234/U233,
U235/U233, U236/U 235 4or- fee d basepd
on latest rec.tor dischaxre.
(3Z)
(133)
(3)
1F71
Caicula.te. tota.l c.ore.
+her rn d. r ow e r
(Z-1GNR5)<.0 ? IGNR5 0 ?
Yes
1 1,
Calcuate
new core
1ad I Us
1Z.- I
0
Tota. ihermo.I power in No
core. canve.rged ?
Yes
Punchout input +or- neutron bolaunce.
ca.JcultXoni-
E X IT
(36)
(37)
(39)
(4 0)
Yes
Fee~d vaiue a of. U234/U2-33)
U235/U233,. U2-36/U235 cnesd
Yes
I
I
310
CONCH and the other flux. Experience has shown that for IZ=l and for
the very poor input values mentioned above, after two IC passes throt.gh
CONCH in step 23, the change in the fuel properties with each succeeding
IC pass through CONCH is completely overshadowed by the changes in the
absolute values of the fast and thermal fluxes which are calculated in
SPFUN, SPACFX and SPFUN2. Therefore for the first two or three computer
runs on a problem, the following input variables are set at the given
values:
CRDELI = 0.0. This causes the question in step 30 "Fast criticality
constant?" to always be answered "No" and thus sends the logical
flow back up through SPFUN, et cetera.
IGNR2 = 2. This controls the number of passes through CONCH in step 23
for IZ=1.
IFXPUN a 1, IGNR4 = 30 or so. This controls the number of IC passes (30
in this case) through SPFUN, et cetera before the program starts
punching out the fluxes to be used in the succeeding run. See step
24.
After two or three computer runs like this, with each succeeding run
using improved estimates of the input values of the feed enrichment, core
dimensions, axial velocity of the fuel in the core, thermal flux and fast
flux, these input values are pretty well established.
After obtaining the improved input values mentioned above, one sets
the following input variables at the given values:
CRDELI = 0.003. This allows the question asked in step 30 to be answered
"Yes" so the logical flow can proceed through step 31 and on.
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IGNR2 a 2. This serves the same function as before.
IGNR3 = 2. This centrols the number of IC passes through SPFUN, et
cetera for each IZ > 1. Even at this stage, the fluxes in the
source terms of table 4.1 vary slightly from IC loop to IC loop and
two calculations of the fluxes with the same values of the fuel
properties give improved values of the fluxes.
IGNRS 3 7. This controls the IZ loop on which the latest values of the
fluxes are punched out in step 37. In case the problem does not
run to completion on the current run, these fluxes can be used as
input to the next run.
IFXPUN = 0, IGNR4 = 0. These are not needed for IZ > 1.
b. Input data to chain-1
Figure C2 shows the input data deck for chain-1.
Figure C2: Input Data Deck for Chain-1
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Section A: This is the basic input data which is listed and explained in
table C1 where an example problem is also presented. Card 1 has a format
of (72H ). Cards 15, 16 and 17 have a format (2413). The other cards
have formats of (6E12.S).
TABLE Cl: BASIC INPUT DATA
Definition
Identification card. 72 spaces
Average burnup of fuel
discharged from core
Volume of moderator/volume of
fuel
VHWVTH
RODDIA
CR
BR
RR
FORTRAN
Symbol
BURNUP
313
Card
1
2
Units
mwd/t
Fuel rod diameter
First estimate of core radius.
If CR=0, the code of calcu-
lates a value.
Blanket radius. Calculated by
code.
Reflector radius. Calculated by
code.
Radial extrapolation length
Core height. Calculated by code.
Blanket height. Calculated by
code.
Reflector height. Calculated by
code.
Axial extrapolation length
Average thermal specific
power in core k
Volume of zircaloy cladding/
volume of fuel
Fraction of reactor discharge
lost in reprocessing
Initial estimate of atom enrich-
ment of feed
Atom ratio U234/U233 in feed
(initial guess)
Atom ratio U235/U233 in feed
(initial guess)
Example
20000.0
30.0
0.25
24.2
inch
feet
3
0.0
0.0
DELR
CH
BH
RH
DELH
SPPTNX
cm
-cm
kw
fissile
2.0
0.0
0.0
0.0
2.0
1000.0
4 VZRVTH-
ROSS
ENA
ANIFRA(4)
ANIFRA(5)
- 0.5
- 0.02
-t 0.013
- 0.30
0.059
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TABLE Cl (Cont.)
FORTRAN
Card Symbol Definition Units Examnle
4 ANIFRA(6) Atom ratio U236/U235 in feed - 1.26
(initial guess)
5 THETAB Radial blanket discharge flux n/kb 0.05
time
THETAX Axial blanket discharge flux n/kb 0.001
time
ROTH02 Density of ThO2  gm/cm 3  9.20
ROUO2 Density of UO gm/cm3 10.09
2
EVCUT Cutoff energy between thermal ev 0.414
region and resonance region
TD20 D20 and neutron temperature 0C 80.0
6 ROD20 Density of D 20 at TD20 gm/cm3  1.0782
TAUR Fermi age of D 20(0.25'H20) cm2  124.0
D ASTR Fast diffusion coefficient of cm 1.24
COLPRO Unused 0.0
PHIll Initial estimate of the central neut 0.Sx1014
thermal flux cm -sec
FFOTFC Initial estimate of fast flux/ - 1.0
thermal flux in core
7 FFOTFB Initial estimate of fast flux/ - 0.3
thermal flux in blanket
FFOTFR Initial estimate of fast flux/ - 0.0
thermal flux in reflector
TFUEL Fuel temperature ( ( 1227'C) 'C 1200.0
WESTR Initial estimate of Westcott R - 0.0446
factor
XA Pseudo nonsaturating fission barns 25.03
product cross section coef-
ficient for U233 fission
products corresponding to
WESTR
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TABLE C1 (Cont.)
Card
7
8
FORTRAN
Svmbol
XB
XC
YA
YB
YC
GF23
GF25
SF23
SF25
FLIEB
9
ERROR
TIGG
CMPTIG
10 DCDE
CRDEL1
CRDEL2
ANDEL
EXTRAP(4)
Units
barns
barns
barns
barns
barns
Definition
Same as for XA
Same as for XA
Pseudo nonsaturating fission
product cross section coef-
ficient for U235 fission
products corresponding to
WESTR
Same as for YA
Same as for YA
Unused
Unused
Unused
Unused
Extrapolated Liebmann parameter
(SPACFX)
Flux shape convergence criterion
(SPACFX)
Maximum number of SPACFX loops
Unused
Fast criticality iteration
parameter
Fast criticality convergence
criterion 1 (IZ=l)
Fast criticality convergence
criterion 2 (IZ 9 1)
Convergence criterion for feed
atom ratios
Extrapolation parameter for feed
atom ratio U234/U233
Example
39.67
-2.42
27.98
40.75
-4.16
0.0
0.0
0.0
0.0
1.5
0.001
300.0
0.0
50.0
0.002
0.0005
0.002
1.0
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TABLE Cl (Cont.)
FORTRAN
Card Symbol Definition Units Example
10 EXTRAP(S) Extrapolation parameter for feed - 1.0
atom ratio U235/U233
11 EXTRAP(6) Extrapolation parameter for feed - 1.0
atom ratio U236/U235
12 HOR Core height/core radius 1.845
RBTFT Radial blanket thickness feet 2.0
ABTFT Axial blanket thickness feet 2.0
RRTFT Radial reflector thickness feet 0.0
ARTFT Axial reflector thickness feet 0.0
CORPOW Thermal power in core MW 8333.0
13 RICALC(1) Unused 0.0
RICALC(2) Unused 0.0
RICALC(3) Unused 0.0
RICALC(4) Unused - 0.0
RICALC(5) Unused 0.0
RICALC(6) Unused - 0.0
14 RICALC(7) Unused - 0.0
SMOTH1 Unused but mustwl.(CONCH) - 1.0
SMOTH2 Unused but mustal.(CONCH) - 1.0
DELPOW Convergence criterion for core - 0.0003
thermal power
15 IRC
IRB
IRR
Number of radial mesh points in
core (IRC IRB)
Number of radial mesh points in
core and blanket (IRB A IRR)
Total number of radial mesh points
(core + blanket + reflector)
(IRR 1 24)
14
16
16
317
TABLE C1 (Cont.)
FORTRAN
Card Symbol Definition Example
15 JZC Number of axial mesh points in 1/2 of the 13
core height (JZC 9 JZB)
JZB Number of axial mesh points in 1/2 core 15
height plus one axial blanket (JZB < JZR)
JZR Total number of axial mesh points (1/2 core 15
height+one blanket+one reflector)
(JZR 6 20)
IL Number of points for solution of Wilkins 49
equation. IL must be odd and less than
50
IVELCO Determines velocity distribution of fuel in 1
core. 0 = radially uniform discharge
burnup. 1 = radially uniform velocity
ICVLRD Determines if initial estimate of velocity 0
of fuel in core is read in or calculated
by code. 0 = calculated. 1 = read in.
If IVELCO = 1, IRC values of velocity must
be read in at the very end of the input
data.
IFXRD Determines if initial flux estimates are 0
read in GUESS. 0 = no. 1 = yes.
IFXPUN Determines if fluxes are punched out. 0
0 a no. 1 = yes.
IPADEC Determines if discharged Pa233 has an 1
infinite or zero decay time before being
fed back into core. 0 = zero. 1 =
infinite.
16 IPRT1 Printout control parameter for SPFUN2 0
IPRT2 Printout control parameter for SPACFX 0
IPRT3 Printout control parameter for PTCS 0
IPRT4 Printout control parameter for AVGCS 0
IRPT5 Printout control parameter for SPFUN2 0
IPRT6 Printout control parameter for CONCH 0
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TABLE C1 (Cont.)
FORTRAN
Card Symbol
16 IPRT7
IPRT8
IPRT9
IPRT10
IPRT11
IPRT12
17 IGNR1
IGNR2
IGNR3
IGNR4
IGNRS
IGNR6-
IGNR10
Definition
Printout control parameter for SPACON
Printout control parameter for CONCH
Printout control parameter for SPFUN
Unused
Unused
Unused
Unused
IZ a 1. Number of IC passes through CONCH
IZ? 1. Number of IC passes through SPFUN-
IZ a 1, IFXPUN = 1, CRDEL1 = 0.0. Number of
IC passes through SPFUN before punchout of
fluxes is started.
IZ)1, IFXPUN = 0. Designates the IZ loop
on which punchout of fluxes is to start.
Unused
ExampI e
0
0
0
0
0
0
0
2
2
0
5
0
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Section B: This is the thermal point cross section data. The data is
presented in table Bl. The first card in this section is an identifi-
cation card on which arbitrary characters can be punched in the first 72
spaces. In the first 12 spaces on the first data card corresponding to
a column in table Bl, an arbitrary fixed point identification number is
punched. In each succeeding group of 12 spaces on the first card and on
succeeding cards, a cross section is punched as a floating point number
until all of the numbers in a column have been punched. This process is
repeated for each column in table Bl. The cross sections are arranged
in this section of input cards in the following order: Th232, Pa233, U233
absorption, U234, U235 absorption, U236, Np237, U233 fission, "Sm" group,
Xe135. These data are read in in subroutine PTCS.
Section C: This section contains the initial estimates of the absolute
values of the thermal and fast fluxes in that order. This section is
supplied only for IFXRD = 1 and the data are read in in subroutine GUESS.
Section D: This section contains the resonance data for the dilute fuel
nuclides from appendix B. The first card is ap identification card as
described above for the thermal data. The resonance data are read in for
the dilute fuel nuclides in the following order: Pa233, U233, U234, U235,
U236 and Np237. The three data cards for U233 are given below:
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Arbitrary
identification
number
?
Fraction of
resonance
absorption
above 5 ev.
abs
I0P O O3 78
epi
-re
'>5 v
ep i
<5ev
I
CVI~7
epi
/y
Space no. 12 2436 4 O72.
epi thermal
.ev
Z2-20 , ,50
Space no. 2 24
Coefficients for 4th order polynomial. See equation (Bi).
-3441 E06,1923 E09,-.7672 E-l 1, .1300 E+14,
Space no. 12 24 36 46
The data cards for the other dilute fuel nuclides are of identical form
to those for U233 except that the second card is deleted for the nonfis-
sionable nuclides and other individual items are deleted for nuclides for
which they are not applicable.
The resonance data are read in in subroutine RESPRB which is called
first by subroutine GUESS.
Section E: This section contains the initial estimates of the fuel axial
velocity in the core at each radial mesh position. These cards are
required only for ICVLRD a 1. The format is (6E12.5).
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2. Chain-2
a. Logical flow diagram for MAIN
The purpose of chain-2 is to perform the calculations for the
detailed neutron balance, examples of which are shown in table 5.1. The
logical flow diagram for the MAIN program is shown in figure C3:
Figure C3: Logical Flow Diagram for Chain-2 MAIN Program
Subroutine SPFUN2 is called for the sole purpose of calculating the
fast leakages, thermal leakages and fast nonleakage probability for each
mesh point in the reactor. These items are not transferred from chain-1.
Subroutine CONCH calculates the fuel properties at each mesh point
in the reactor and calls subroutine NUTBAL which calculates the detailed
neutron balance.
Subroutine INOUT calculates feed input and discharge rates and
other miscellaneous quantities.
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b. Input data for chain-2
Figure C4 shows the input data deck for chain-2.
Figure C4: Input Data Deck for Chain-2
Section A: These input data are punched out at the end of chain-1 (step
40, figure Cl).
Section B: This is a single card at the end of section A. It contains
the following control parameters for printing:
IRESPT: Controls printout of the effective resonance integrals of the
fuel nuclides along the innermost channel. 0 no print.
I = print.
IPRTl: Unused
IPRT5: Unused
IPRT6: 'Controls printout of CONCH
IPRT8: Controls printout of CONCH
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Three spaces are allowed on the data card for each of these five fixed
point variables.
Section C: This section contains the same resonance data as used in
chain-1.
3. Availability of codes
FORTRAN decks and/or printouts of the two fuel cycle codes described
in appendix C, i.e., chain-1 and chain-2, are available from the MIT
Nuclear Engineering Department.
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APPENDIX E
NOMENCLATURE FOR CHAPTER IV
This appendix summarizes the nomenclature for chapter IV, giving
the first text reference for each symbol used. Only a few symbols are
used in the other chapters, and they are defined where they are used.
Text
symbol
A(x)
B
b
C
C
7
C8, j
C152
C153.
1
C154
D
D
(DI)cell
(D )D2 0
D rod
E
(E-1)
Definition
Hardening parameter for Wilkins spectrum
Fraction of core discharge lost in reproc-
essing
Arbitrarily defined term in equivalence
theorem
Normalization constant in SPACFX
Geometric term in difference approximation
"
Thermal diffusion coefficient averaged over
the unit cell
Fast diffusion coefficient averaged over
the unit cell
Same as D
Fast diffusion coefficient for D20
Fuel rod diameter
Neutron energy between 0 and 0,414
A measure of the extra absorptions in the
moderator of the unit cell due to the rise
of the moderator thermal flux above the
thermal flux at the rod surface
Text
reference
(4C20)
(4E1)
(4C30)
(4E2)
(488)
(4B8)
(4B3)
(4B4)
(4B)
(4B6)
(4B7)
(4A2)
(4A1)
(4C44)
(4C44)
(4C35)
(4C20)
(4C4)
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Text Text
symbol Definition reference
F Thermal flux at rod surface/averagc thermal (4C2)
flux in rod
Extrapolated Liebmann parameter (4D2)
f Thermal utilization (4C2)
f. Fraction of resonance absorption which (4C41)
occurs in nuclide i above 5 ev.
G Grams of fissile material associated with (4E9)
each mesh point
g Radial mesh spacing Fig. 4.2
h. Axial mesh spacing Fig. 4.2
3
I Infinitely dilute resonance integral of (4C15)
zirconium
Iu Effective resonance integral of a single (4C28)
resonance located at lethargy u in a given
dilute absorber
Iiff Effective resonance integral over the entire (4C23)
resonance region for nuclide i
IThO Effective resonance integral of Th02  (4C36)
2
(1/Io)Tho Effective resonance integral of Th0 2 at (4C38)
2 temperature T/effective resonance integral
of Th02 at temperature T,(20*C).
I. Infinitely dilute resonance intergral of (4C41)
nuclide i
IR Fissile atoms entering the reactor (4E1)
IRC Outermost radial mesh point in core Fig. 4.2
IRB Outermost radial mesh point on blanket Fig. 4.2
IRR Outermost radial mesh point in reflector Fig. 4.2
i Usually the radial mesh point index Fig. 4.2
JZC Outermost axial mesh point in core Fig. 4.2
JZB Outermost axial mesh point in blanket Fig. 4.2
JZR Outermost axial mesh point in reflector Fig. 4.2
Text
symbol
j
K
kT
mod
M
N
ND 0
N20
N
FP
N.
I
NTho
2
Nzr
OR
P
P
p
p
Definition
Usually the axial mesh point index
Index of the axial mesh point of interest
in calculating Z FP
Neutron temperature at moderator temper-
ature Tmod
Average chord length in lump
Number of mesh points in 1/4 of the reactor
Concentration in the fuel of the absorber
on interest
Summation index used in calculating ZFP
Concentration of D20
Concentration of nonsaturating fission
products in the fuel
Concentration of nuclide i in fuel. Includes
all fuel nuclides.
Concentration of nuclide i in fuel. Includes
only the seven resonance absorbers
Concentration of nuclide i in fuel. Includes
all of the fuel nuclides
Concentration of ThO2 in pure ThO2 '-
Concentration of zircaloy
Fissile atoms leaving the reactor
Escape probability from a spatially uniform
source in a lump
Fast nonleakage probability
Total resonance escape probability. Equals
pTOT below.
Resonance escape probability for individual
nuclides in various resonance regions.
Nomenclature for i figure 4.1.
331
Text
reference
Fig. 4.2
(4D1)
(4C20)
Section IVC
2a(1)(A)
(4E2)
Section IVC
2a(I)(A)
(4D1)
(4C1)
(4C17)
(4C21)
(4C23)
Section IVC4
(4C1)
(4C1)
(4E1)
(4C24)
Fig. 4.1
(4A2)
Fig. 4.1
Text
p 17
P1 74
P'rcr
Ki1-p>
(1-p) zr
(j -_
Q
QR
q
R.
1
r
r
0
rz
r
S
SR
SPPTMX
(S/M'Th
0 )2
Definition
Resonance escape probability for nuclide i.
Used only for defining resonance escape
probability
PlP2P3P4P5
Pl7P6P7
P174 P8 P9 P10 11
Resonance absorption probability for
individual nuclides in various energy
regions. Nomenclature for i in figure 4.1.
See also figure 4.10
Resonance absorption probability for zircaloy
Resonance fission probability
Generalized fast or thermal neutron source
Source of fissile atoms in the reactor
Source of fast neutrons averaged over the
unit cell
Radius of interest
Westcott r factor
Radius of cylindrical fuel rod
Outer radius of zircaloy cladding
Outer radius of unit cell
Coefficient of the generalized fast or
thermal neutron sink
Sink of fissile atoms in the reactor
Average specific power in the core
Surface area/mass of ThO2 for calculating
I Th 
2
Text
re!ference
(4C23)
Fig.
Fig.
Fig.
Fig.
4.1
4.1
4.1
4.1
(4C15)
(4E7)
(4B1)
(4E1)
(4A1)
Fig. 4.2
(4C19)
Fig. 4.3
Fig. 4.3
Fig. 4.3
(4B1)
(4E1)
(4E9)
(4C36)
Moderator and neutron temperature
293*K
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T
T
(4C 19)
(4C19)
Text
symbol 1
(T/T )
0
Capture/fission for U233 and U235 above and
below 5 ev. See figure 4.10
Capture/fission for U233 or U235 below 5 ev.
Capture/fission for U233 or U235 above 5 ev.
Total resonance width at half maximum
Definition
Actual fuel temperature/fuel temperature for
which ITh0 was
Th2
calculated (200C)
Time
Lethargy
Volume of fuel lump
Volume of fuel lump
Volume of zircaloy
Volume of moderator
Volume fraction of fuel lump
Volume fraction of zircaloy
Volume fraction of moderator
Volume fraction of fuel
E a normalized velocity at energy E
KTma
jjb = flux per unit velocity
dx
Yield of "Sm" group from U233 fission
Yield of "Sm" group from U235 fission
Yield of Xel35 from U233 fission
Yield of Xe135 from U235 fission
(4C50),
(4C52)
(4C40)
(4C39)
(4C34)
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Text
reference
(4C38)
Section IVC4
Section IVC
2a(1)(A)
(4C24)
Fig. 4.3
Fig. 4.3
Fig. 4.3
(4C1)
(4C1)
(4C1)
(4C47)
(4C20)
(4C20)
(4C56)
(4C56)
(4C57)
(4C57)
t
u
V
V0
V
z
V 
1
V0
1
Vf 1
X
Y
yS2
yS3
yX2
yX3
of
.verc
Text
symbol
ANFp
& U
AV
S H
d R
6E
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Text
Definition reference
Nonsaturating fission products produced (401)
during time interval &t.
Finite lethargy interval (4C32b)
Volume element associated with each mesh (4E9)
point
Practical width of resonance (4C34)
Axial extrapolation length Fig. 4.2
Radial extrapolation length Fig. 4.2
Fast fission factor for Th232 Fig. 4.1
Convergence criterion for flux shapes (4E6)
Number of fast neutrons produced by
fission per absorption in a fissile
nucleus. A general definition.
Number of fast neutrons produced by (4E2a)
fission per absorption (resonance plus
thermal) in a fissile nucleus (U233
plus U235).
Average number of fast neutrons produced Fig. 4.1
by fission per resonance absorption in U233 or
U235 above or below 5 ev. See figure 4.10.
Number of fast neutrons produced by fission Fig. 4.1
per fast absorption in 'n232
See equation (4A3) and figure 4.1 (4A3)
Actual thermal flux time (4C17)
2200 m/s thermal flux time (4C18)
Inverse thermal diffusion length in fuel (4C11)
Inverse thermal diffusion length in moderator (4C12)
Decay constant of Pa233 (4C48)
Decay constant of Xel35 (4C57)
Transport mean free path for fast neutrons (4C44)
Fj
no
E~o
t, I
Text
symb, no
5 5
7-E,no e
Za.,zr
2: +
Definition
Average number of fission neutrons produced
per thermal fission
Flux shape iteration loop number
Number of fission neutrons produced per
resonance fission by neutrons of various
resonance energies.
See equation (4A3) and figure 4.1
Fission neutrons produced per thermal fission
of U233
Fission neutrons produced per thermal fission
of U235
Lethargy gain per collision
Slowing down power of unit cell
Slowing down power of nonfuel region of unit
cell
Macros c cross section
Thermal absorption homogenized,everything in
unit cell, averaged over Wilkins spectrum
Resonance absorption, function of u,
absorber of interest
Resonance absorption, function of u. heavy
absorbers in lump other than absorber
of interest
Thermal absorption, D2 0, spectrum hardened
2200 m/s absorption, zircaloy
Thermal absorption, zircaloy, spectrum
hardened
2200 m/s absorption, fuel region
2200 m/s absorption, moderator region
Thermal fission homogenized, averaged over
Wilkins spectrum
Text
reference
(4A3)
(4E5)
(4C42)
(4A3)
Fig. 4.1
Fig. 4.1
(4C16)
(4C20)
(4C15)
(4A2)
(4C25)
(4C25)
(4C 13)
(4C2)
(4C13)
(4C2)
(4C2)
(4E7)
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Definition
Text
ToT
Text
reference
(4E7)
Fig. 4.1
Fig. 4.1
(4C17)
(4C19)
Section IVC
2a(I)(A)
Resonance plus thermal fission homogerlized,
thermal portion averaged over Wilkins
spectrumI
Thermal fission homogenized, U233, averaged
over Wilkins spectrum
Thermal fission homogenized, U235, averaged
over Wilkins spectrum
Westcott effective 2200 m/s absorption, non-
saturating fission pro'lucts
Westcott hardened, nonsaturating fission
products
Potential scattering, lump diluent
Scattering, 02 in fuel lump
Thermal transport, unit cell
Fast transport
Fast removal, unit cell
Microscopic cross section
Resonance absorption, function of u,
absorber of interest
General thermal absorption, averaged over
Wilkins spectrum
Thermal absorption, averaged over Wilkins
spectrum. See section IVC4.for subscripts
Resonance absorption, function of u, macro-
scopic of heavy absorbers in lump other
than absorber of interest per atom of
absorber of interest
Resonance absorption, function of u, six
dilute fuel nuclides
Thermal absorption, function of x, all
nuclides in the unit cell
(4C29)
Section IVC
Section IVC4
(4C29)
(4C39)
(4C21)
(4C35)
(4C1)
(4C44)
(4Al)
Z e
iFp
2 5 1u0Z
Ztr
2I:so
C~d.
O-
'a.,i
Text
symbol
d'aizzoo
0Pa-.
0 pp
0 i
c (j)
Text
reference
(4C13)
(4C13)
Section IVC
Microscopic cross section
Thermal absorption, Th232, averaged over
Wilkins spectrum
2200 m/s absorption
General thermal fission, averaged over
Wilkins spectrum
Thermal fission, averaged over Wilkins
spectrum. See section IVC4 for subscripts
Resonance absorption, function of u, U233
and U235
Westcott effective 2200 m/s absorption, non-
saturating fission products
Thermal absorption and fission, averaged over
Wilkins spectrum, all fuel nuclides
except nonsaturating fission products
Thermal absorption and fission, function of x
all fuel nuclides.except nonsaturating
fission products
Potential scattering, homogeneous mixture,
macroscopic of moderator per atom of
absorber of interest.
Potential scattering, heterogeneous, macro-
scopic of lump diluent of low atomic
weight per atom of absorber of interest
Potential scattering, resonance absorber
Epithermal scattering
Thermal transport
Resonance peak
Definition
Fermi age averaged over the unit cell
Fermi age of D2 0
Thermal flux averaged over the unit cell
Average thermal flux in fuel
Section
2a(I)(A)
IVC
Section IVC
2a(I) (A)
(4C34)
(4C16)
(4C1)
(4C34)
(4C45)
(4C46)
(4A2)
Section IVC4
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Section IVC4
(4C39)
(4C17)
(4C22)
(4C22)
0-TP
t 0
1O
T Dao
Text
symbol 1
C ,
dz
C0 can
CtGA&
'4o.
Definition
Fast flux averaged over the unit cell
Average thermal flux in fuel. Used in
derivation of thermal disadvantage factors
Thermal flux at surface of rod. Used in
derivation of thermal disadvantage factors
Average thermal flux in moderator. Used in
derivation of thermal disadvantage factors
Average thermal flux in unit cell. Used in
derivation of thermal disadvantage factors
Resonance flux per unit lethargy
Thermal disadvantage factor in fuel
Thermal disadvantage factor in moderator
Thermal disadvantage factor in zircaloy
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Text
reference
(4A1)
Fig. 4.3
Fig. 4.3
Fig. 4.3
(4C6)
Section IVC
2a(I)(A)
(4Cla)
(4Cla)
(4Cla)
